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Before the advent of cost-effective, efficient next-generation sequencing technologies, 
viral research predominantly focussed on viruses that were easily identified and those 
of importance to humans i.e. were pathogenic. Advances in viral metagenomic 
approaches in recent years have revolutionised the discovery of novel viruses. In 
particular, the number of described single-stranded DNA (ssDNA) viruses has grown 
rapidly. The increased rate of discovery revealed that ssDNA viruses a have higher 
abundance and diversity than previously thought. An increasing number of ssDNA 
viruses identified through metagenomic studies are too divergent to be classified into 
the current taxonomic system established by the International Committee on 
Taxonomy of Viruses and remain unclassified.  
 
Circular replication-associated protein (Rep)-encoding single-stranded (CRESS) 
DNA viruses have been identified in a variety of environmental samples using viral 
metagenomic approaches. A high number of CRESS DNA viruses are unclassified, 
prompting the proposal of new groupings, namely the gemycircularviruses, 
smacoviruses and cycloviruses. The studies that identified CRESS DNA viruses were 
largely conducted outside New Zealand up until 2013. New Zealand’s Gondwana 
ancestry and physical isolation provides a unique virome that has not been extensively 
explored. Further exploration of CRESS DNA viruses within New Zealand would 
shed light on the true diversity and prevalence of CRESS DNA viruses both within 
New Zealand and globally, and may provide support to proposed CRESS DNA virus 
groupings.  
 
Faecal sources harbour many potential host species and enable sampling of the 
virome of an ecosystem in a non-invasive manner. Accordingly, faecal sources have 
been used effectively to discover a wide variety of viruses in multiple studies. This 
dissertation utilised a viral metagenomic approach to identify CRESS DNA viruses in 
the faeces of wild and domestic animals sampled from sites across the South Island of 
New Zealand, expanding upon baseline data collected by other studies. Next-




abutting primers for the recovery of complete viral genomes from faecal matter. This 
approach recovered 38 complete CRESS DNA viral genomes and two circular 
molecules from 49 individual faecal samples. The recovered viruses were classified as 
gemycircularviruses (n=18), smacoviruses (n=12) or unclassified CRESS DNA 
viruses (n=8) according to BLASTx similarities in GenBank’s non-redundant 
database, genome-wide nucleotide pairwise identities and shared genome 
organisations with previously identified CRESS DNA viruses. The eighteen 
gemycircularvirus isolates represent eleven species, nine of which are novel, while the 
twelve smacoviruses constitute eleven species, including ten novel species. The 
remaining CRESS DNA viruses could not be classified and represent unique species. 
The CRESS DNA viruses identified in this study show a wide diversity and contribute 
significantly to our understanding of the prevalence and diversity of CRESS DNA 
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1.1 General introduction to viruses 
 
Viral hosts span all domains of life- Archaea, Bacteria and Eukarya (King et al., 
2011). Accordingly, viruses are found in a wide range of ecosystems, including many 
extreme environments (Le Romancer et al., 2007). Studies have identified viruses 
from the Namib, Sahara, Death Valley and Kutch deserts (Adriaenssens et al., 2015; 
Fancello et al., 2013; Kerepesi & Grolmusz, 2015; Prestel et al., 2013; Prigent et al., 
2005), numerous hypersaline and alkaline environments (Atanasova et al., 2012; 
Emerson et al., 2012; Jiang et al., 2004; Oren et al., 1997; Roine et al., 2010; Santos 
et al., 2011; Sime-Ngando et al., 2011), deep-sea thermal vents (Geslin et al., 2003; 
Ortmann & Suttle, 2005; Williamson et al., 2008), hot springs (Bize et al., 2008; 
Bolduc et al., 2012; Breitbart et al., 2004; Häring et al., 2005; Rachel et al., 2002), 
and Antarctic ecosystems (Kepner et al., 1998; Laybourn-Parry et al., 2001; López-
Bueno et al., 2009; Zablocki et al., 2014; Zawar-Reza et al., 2014).  
 
Developments in molecular techniques and next-generation sequencing technologies 
enabled a rapid rate of discovery of divergent and novel viruses from a range of 
sample types (Breitbart et al., 2003; Cantalupo et al., 2011; Kim et al., 2008; Ng et 
al., 2011a; Rosario et al., 2011; Rosario et al., 2009b; Roux et al., 2012; Whon et al., 
2012). The rate of discovery suggests that the size and diversity of the global virome 
is likely underestimated.  
 
The Baltimore classification system groups viruses into one of seven groups 
according to the nature of their genome: double-stranded DNA, single-stranded DNA, 
reverse transcribing viruses with either DNA or RNA genomes, double-stranded 
RNA, negative-sense single-stranded RNA, and positive-sense single-stranded RNA 
(Baltimore, 1971). The International Committee on Taxonomy of Viruses (ICTV) is 
responsible for developing a taxonomic scheme for the classification of novel viruses 
and subviral agents (King et al., 2011). Isolates are assigned to taxa according to 
sequence similarity, genome organisation, replication mechanism, morphology of 
particles and various biological properties (King et al., 2011). The ICTV determined 
that a viral species is “a polythetic class of viruses that constitutes a replicating 








1.2 Introduction to single-stranded DNA viruses 
 
1.2.1 Classification of single-stranded DNA viruses 
 
Technological advancements have contributed to the rapid rate of discovery of single-
stranded DNA (ssDNA) viruses. The diverse nature of unclassified ssDNA viruses 
indicates that the current classification scheme employed by the ICTV may require 
revision (Rosario et al., 2012b). Currently, ssDNA viruses are divided into nine 
recognised families: Anelloviridae, Bidnaviridae, Circoviridae, Geminiviridae, 
Inoviridae, Microviridae, Nanoviridae, Parvoviridae and Spiraviridae (Table 1.1) 
(Hu et al., 2013; King et al., 2011; Mochizuki et al., 2012).  
 
Table 1.1: Characteristics of ssDNA viral families 
Virus Family Host Morphology Genome Configuration Genome Size 
Anelloviridae Vertebrates Icosahedral Circular ssDNA, monopartite 2.0-3.9kb 
Bidnaviridae Invertebrates Icosahedral Linear ssDNA, bipartite 6.5kb and 6.0kb 
Circoviridae Vertebrates Icosahedral Circular ssDNA, monopartite 1.7-2.0kb 
Geminiviridae Plants Geminate Circular ssDNA, monopartite/bipartite 2.5-3.0kb 
Inoviridae Bacteria Filamentous/ Rod-shaped Circular ssDNA, monopartite 6.0-12.4kb 
Microviridae Bacteria Icosahedral Circular ssDNA, monopartite 5.3-6.1kb 
Nanoviridae Plants Icosahedral Circular ssDNA, multipartite 0.9-1.1kb 
Parvoviridae Vertebrates/ Invertebrates Icosahedral Linear ssDNA, monopartite 4.0-6.3kb 
Spiraviridae Archaea Cylindrical helix Circular ssDNA, monopartite 24.9kb 
 
1.2.1.1 Animal-infecting ssDNA viruses 
 
Animal-infecting viruses are classified into the Anelloviridae, Circoviridae 
Parvoviridae and Bidnaviridae families that infect varied hosts. Anelloviruses infect 
multiple hosts including primates, rodents, dogs and pigs (King et al., 2011; Leary et 
al., 1999; Mushahwar et al., 1999; Nishiyama et al., 2014; Okamoto et al., 2002). 
Circoviruses are known pathogens of pigs and birds, although isolates have been 
recovered from human faeces, dogs, foxes, bats, amphibians and fish samples (Allan 
et al., 1998; Blinkova et al., 2010; Ellis et al., 1998; Kapoor et al., 2012; King et al., 
2011; Li et al., 2010a; Li et al., 2010b; Lorincz et al., 2011; Ritchie et al., 1989; 




Members of the Parvoviridae family infect vertebrates (Parvovirinae subfamily) and 
invertebrates (Densovirinae subfamily), including humans, cows, shrimp and 
mosquitoes (Cotmore et al., 2014; King et al., 2011). The host of Bombyx mori 
bidensovirus (BmBDV), the only member of the Bidnaviridae family, is the silkworm 
Bombyx mori (Hu et al., 2013). Collectively, animal-infecting viruses are associated 
with a multitude of pathologies including hepatitis, post-weaning multisystemic 
wasting syndrome, mink viral enteritis, and densonucleosis in B. mori (Allan et al., 
1998; Barreto et al., 2014; Ellis et al., 1998; Hu et al., 2013; King et al., 2011; Steinel 
et al., 2001). These four families have similar morphologies where the ssDNA 
genome is encapsidated in non-enveloped virions with T=1 icosahedral symmetry (Hu 
et al., 2013; Itoh et al., 2000; King et al., 2011; Siegl et al., 1971; Tischer et al., 
1982). The genomes of anelloviruses (2.0-3.9kb) and circoviruses (1.7-2.0kb) are 
circular, whereas parvoviruses (4.0-6.3kb) and bidnaviruses (6.5kb and 6kb) have 
linear genomes (Hu et al., 2013; King et al., 2011). BmBDV is the only virus with a 
bipartite genome that infects animals (Hu et al., 2013). This virus was originally 
classified as a member of the Densovirus genus (Parvoviridae family) but due to its 
unique coding strategy and significantly larger genome it was assigned to a new 
family (Hu et al., 2013; King et al., 2011).  
 
1.2.1.2 Plant-infecting ssDNA viruses 
 
Geminiviridae and Nanoviridae are families of plant-infecting viruses with circular 
ssDNA genomes (King et al., 2011). Geminivirus genomes are encapsidated in 
geminate particles and nanovirus virions are icosahedral (Harding et al., 1991; King 
et al., 2011; Zhang et al., 2001). Members of the Nanoviridae family have 
multicomponent genomes that are thought to require at least six (Babuvirus genus) or 
eight (Nanovirus genus) 0.9-1.1kb ssDNA components in order to cause infection, 
with the majority of components encoding a single protein (Burns et al., 1995; 
Grigoras et al., 2009; King et al., 2011). Each component of the multiple-component 
genome of the Nanoviridae family is encapsidated in separate virions that are 
transmitted by aphids (King et al., 2011). The majority of geminiviruses have 2.5-
3.0kb monopartite genomes (King et al., 2011; Stanley, 1983), however, a number of 




have two components, DNA-A and DNA-B, each 2.5-2.6kb in size, which are 
individually encapsidated. Transmission of geminiviruses is mediated by leafhoppers, 
plant hoppers, treehoppers and whiteflies (Hogenhout et al., 2008; King et al., 2011) 
and recent evidence suggests that aphids are able to transmit a new group of 
geminiviruses (Roumagnac et al., 2015). Geminiviruses and nanoviruses infect both 
monocotyledonous and dicotyledonous plants and are the causative agents of disease 
in numerous crops including bananas, broad beans, chickpeas, cotton and maize 
(Grigoras et al., 2009; Harding et al., 1991; King et al., 2011; Kumari et al., 2008; 
Varma & Malathi, 2003). Satellite molecules are associated with some geminiviruses 
and nanoviruses (Briddon et al., 2003; Horser et al., 2001b; King et al., 2011; Kumar 
et al., 2013; Patil & Fauquet, 2010; Rohde et al., 1990; Saunders et al., 2000). 
Satellite molecules rely on the associated virus for replication, encapsidation and/or 
transmission. Alphasatellites are nanovirus-like molecules that encode a replication-
associated protein (Rep) and hence replicons that can reduce disease symptoms, 
whereas betasatellites can be associated with enhancing disease symptoms (Briddon 
et al., 2003; Kumar et al., 2013; Saunders et al., 2000; Stanley, 2004). 
 
1.2.1.3 Prokaryote-infecting ssDNA viruses 
 
Microviridae, Inoviridae and Spiraviridae are families of ssDNA viruses that infect 
prokaryotes. The prokaryote-infecting viruses have circular ssDNA genomes 
encapsidated within virions of differing morphology (King et al., 2011; Mochizuki et 
al., 2012). The Microviridae family is divided into the Microvirus genus (5.3-6.1kb 
genome), which infects enterobacteria, and the Gokushovirinae subfamily, which 
contains three genera (4.5-6.0kb genome) that infect obligate parasitic bacteria and 
Spiroplasma (King et al., 2011). All members have non-enveloped virions with a T=1 
icosahedral symmetry (Hsia et al., 2000; King et al., 2011). There are two genera 
within the Inoviridae family, Inovirus and Plectrovirus, whose circular ssDNA 
genomes (6.0-12.4kb) are encapsidated in filaments or short rod-like particles, 
respectively (King et al., 2011; Yamada et al., 2007). Inoviruses infect gram-positive 
and gram-negative bacteria and plectroviruses infect mycoplasmas (King et al., 2011). 
Some inoviruses are associated with disease, mediating the horizontal transfer of 




Campos et al., 2010; King et al., 2011). The only member of Spiraviridae is 
Aeropyrum coil-shaped virus (ACV), which infects an archaea, Aeropyrum pernix 
(Mochizuki et al., 2012). ACV has a circular ssDNA genome encapsidated within a 
hollow, cylindrical helix that lacks an envelope (Mochizuki et al., 2012). The genome 
of ACV is ~24.9kb, thus it is the largest of any ssDNA virus identified to date. ACV 
was assigned to a new family due to its unique genome and morphology.  
 
1.2.2 Genome organisations of eukaryotic single-stranded DNA viruses that 
encode a replication-associated protein 
 
SsDNA viruses are among the smallest eukaryotic pathogens (Rosario et al., 2012b). 
SsDNA viruses have minimal genomes because they rely heavily on host machinery 
for their replication. Eukaryotic circular ssDNA viruses encode as few as two to six 
proteins (King et al., 2011; Rosario et al., 2012b). The circular genomes of 
prokaryotic viruses are larger and can encode up to seventeen or more genes (King et 
al., 2011).  
 
Well-characterised circular Rep-encoding single-stranded (CRESS) DNA viruses are 
circoviruses, geminiviruses and nanoviruses. The last couple of years have seen a 
significant increase in novel CRESS DNA viruses that cannot be classified within 
existing viral families. The Rep is essential as it initiates rolling circle replication of 
the circular genomes. Expression of both spliced and unspliced rep transcripts is 
required for regulation of gene expression, infectivity and replication in some 
members of the Geminiviridae family (Collin et al., 1996; Dekker et al., 1991; Liu et 
al., 1998; Liu et al., 1999b; Wright et al., 1997). In bipartite begomoviruses and 
multipartite nanoviruses, the Rep is encoded by DNA-A and DNA-R components, 
respectively (Burns et al., 1995; Horser et al., 2001a; King et al., 2011). Once 
expressed, the encoded Rep binds to iterons in common regions on the other genome 
components and mediates their replication (Timchenko et al., 1999). The genome 
organisations differ among CRESS DNA viruses so a classification scheme was 
proposed (Rosario et al., 2012b). CRESS DNA viruses are categorised according to 
orientation of the major open reading frames (ORFs), position of the stem-loop 




Table 1.2: Classification of single-stranded DNA genomes where the nonanucleotide 









found on Rep-encoding 
strand 
Orientation of ORFs 
relative to stem-loop 
Type I  
 
Ambisense Yes ORFs read away from 
the stem-loop 
Type II  
 
Ambisense No ORFs read away from 
the stem-loop 
Type III  
 
Ambisense Yes ORFs read towards 
the stem-loop 
Type IV  
 
Ambisense No ORFs read towards 
the stem-loop 
Type V  
 
Unisense Yes ORFs read clockwise 
Type VI  
 
Unisense No ORFs read counter-
clockwise 
Type VII  
 
Single ORF Yes ORFs read clockwise 
Type VIII  
 





Rep ORF (Table 1.2). Type I and type II genomes encode the Rep and capsid protein 
(CP) ORFs bidirectionally and feature a putative stem-loop structure located at the 5’ 
end of the major ORFs. Type III and type IV viruses also have ambisense genomes, 
but the stem-loop structure is located at the 3’ end of the major ORFs. Genomes with 
a unisense orientation are classified as type V or VI genomes and circular molecules 
containing a single ORF are classified as type VII or VIII genomes. The 
nonanucleotide sequence of type I, III, V and VII genomes is located on the Rep-
encoding strand, but this is not true of type II, IV, VI and VIII genomes. 
 
1.2.3 Replication of CRESS DNA viruses 
 
CRESS DNA viruses replicate through the rolling circle replication (RCR) 
mechanism. This mechanism is shared by bacterial plasmids, indicating a possible 
evolutionary link between these entities (Khan, 1997; Koonin & Ilyina, 1992). The 
RCR mechanism occurs in three stages: initiation, elongation and termination (Gilbert 
& Dressler, 1968; Gutierrez, 1999; Martin et al., 2011a; Rosario et al., 2012b). The 
RCR mechanism was determined using experimental evidence from geminivirus 
studies, however, structural analysis of Reps suggest that nanoviruses and 
circoviruses replicate through a similar mechanism (Cheung, 2012; Hafner et al., 
1997; Rosario et al., 2012b; Timchenko et al., 1999; Vega-Rocha et al., 2007a; Vega-
Rocha et al., 2007b).  
 
Viral DNA is localised to the nucleus by the CP following infection (Kunik et al., 
1998; Liu et al., 1999a).  A priming event is initiated and the circular ssDNA genome 
is converted into a covalently closed double-stranded DNA (dsDNA) intermediate by 
host polymerases (Gutierrez, 1999; Martin et al., 2011a). The dsDNA interacts with 
histone proteins and is coiled into mini-chromosomes (Abouzid et al., 1988; Paprotka 
et al., 2015; Pilartz & Jeske, 1992). The Rep cleaves the dsDNA between positions 7 
and 8 of the nonanucleotide sequence (NANTNTTAN) located at a putative stem-
loop structure at the origin of replication (Cheung, 2004; Hafner et al., 1997; 
Heyraud-Nitschke et al., 1995; Laufs et al., 1995b; Steinfeldt et al., 2006; Timchenko 
et al., 1999). This produces a circular replicative form that is elongated at the exposed 




This gradually displaces the template strands (Gutierrez, 1999; Jeske et al., 2001; 
Martin et al., 2011a; Saunders et al., 1991). After one or more cycles, the displaced 
strands are ligated, forming circular monomeric or multimeric ssDNA virions (Hafner 
et al., 1997; Jeske et al., 2001; Laufs et al., 1995b; Martin et al., 2011a; Steinfeldt et 
al., 2006; Timchenko et al., 1999). The circular DNA molecules can be encapsidated 
into virions if monomeric, or enter subsequent rounds of replication (Jeske et al., 
2001; Martin et al., 2011a).  
 
1.2.3.1 N-terminal domain of the replication-associated protein 
 
The Rep N-terminus of CRESS DNA viruses contain motifs that are important in 
initiating RCR (Figure 1.1). The motifs are well conserved across ssDNA viruses, 
phage and plasmids that replicate using the RCR mechanism (Koonin & Ilyina, 1992; 
Kraberger et al., 2015a; Rosario et al., 2012b; Vega-Rocha et al., 2007a; Vega-Rocha 
et al., 2007b).  The Rep N-terminus also contains specificity binding determinants 
(SPDs) that interact to form a beta-sheet, permitting high affinity binding between the 
Rep and dsDNA intermediate (Argüello-Astorga & Ruiz-Medrano, 2001; Londoño et 
al., 2010; Mauricio-Castillo et al., 2014; Orozco & Hanley-Bowdoin, 1998). The 
conserved sequence of RCR motif I is Fu(t/u)(l/y)(t/p), where ‘u’ denotes a bulky 
hydrophobic residue (Rosario et al., 2012b). Due to its proximity with SPDs, RCR 
motif I is thought to be involved in the recognition of iterative sequences associated 
with the origin of replication (Argüello-Astorga & Ruiz-Medrano, 2001; Rosario et 
al., 2012b). The exact function of RCR motif I is undetermined. The conserved amino 
acid sequence of RCR motif II is (p/u)/HuH in geminiviruses and (p/u)HuQ in 
circoviruses and nanoviruses (Rosario et al., 2012b). Conserved histadine residues 
coordinate divalent metal ions, Mg2+ or Mn2+, which are important cofactors for 
endonuclease activity at the origin of replication (Ilyina & Koonin, 1992; Laufs et al., 
1995b). In circoviruses and nanoviruses, it is suggested that acidic side chains with a 
similar spatial positioning to the second conserved histadine residue in RCR motif II 
of geminiviruses coordinate the divalent metal ions (Vega-Rocha et al., 2007a; Vega-
Rocha et al., 2007b). An invariant tyrosine residue in RCR motif III (YxxK, where 




Figure 1.1: Conserved RCR and SF3 helicase motifs in the replication-associated protein of circoviruses, geminiviruses and nanoviruses 
[adapted from Rosario et al. (2012b)]. Conserved sequences are annotated as follows: invariant residues are in bold, uppercase residues occur at 
a higher frequency than residues denoted by lowercase letters, ‘x’ denotes any residue, and ‘U’ denotes any bulky hydrophobic residue (I, L, V, 
M, F, Y or W). The position of conserved motifs in representative species of Circoviridae (Porcine circovirus 1; NC_001792), Geminiviridae 
(Tomato golden mosaic virus; NC_001507) and Nanoviridae (Faba bean necrotic yellows virus; NC_003560) is indicated. 
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attachment of Rep to the 5’ end of the cleaved product (Laufs et al., 1995a; Laufs et 
al., 1995b; Orozco & Hanley-Bowdoin, 1998; Rosario et al., 2012b; Steinfeldt et al., 
2007; Timchenko et al., 1999). The presence of a single tyrosine residue in RCR 
motif III classifies geminivirus, circovirus and nanovirus Reps as superfamily II Reps 
(Ilyina & Koonin, 1992). The conserved lysine residue in RCR motif III is proposed 
to mediate binding and positioning during catalysis (Vega-Rocha et al., 2007a; Vega-
Rocha et al., 2007b). A fourth conserved motif, the geminivirus Rep sequence (GRS), 
is only found in geminiviruses and a group of CRESS DNA viruses called 
gemycircularviruses (Dayaram et al., 2012; Nash et al., 2011). It enables appropriate 
spatial arrangements of RCR motifs II and III (Nash et al., 2011). Site directed 
mutagenesis of the GRS domain in Tomato golden mosaic virus yielded non-
infectious clones, demonstrating that the GRS is essential for geminivirus, and 
presumably gemycircularvirus, replication (Dayaram et al., 2012; Nash et al., 2011). 
 
1.2.3.2 Helicase domain of the replication-associated protein 
 
Rep is a multifunctional protein, possessing both endonuclease and helicase activities. 
Rep helicase activity is mediated by conserved motifs in a C-terminal NTP-binding 
domain, named Walker A, Walker B, motif B’ and motif C (Figure 1.1) (Choudhury 
et al., 2006; Clérot & Bernardi, 2006; Gorbalenya et al., 1990; Koonin, 1993). The 
conserved motifs are found within a 120 nucleotide (nt) long sequence, classifying 
encoded Reps as superfamily 3 (SF3) helicases (Gorbalenya et al., 1990; Koonin, 
1993). During synthesis of progeny strands, Rep helicase activity unwinds the dsDNA 
intermediate in the 3’ to 5’ direction using nucleotide triphosphates (Choudhury et al., 
2006; Clérot & Bernardi, 2006). The conserved Walker A motif [GxxxxGK(S/T)] 
forms part of a P-loop structure in the NTP-binding domain that facilitates ATP 
recognition and binding with a conserved lysine residue (Choudhury et al., 2006; 
Clérot & Bernardi, 2006; Desbiez et al., 1995; George et al., 2014; Rosario et al., 
2012b; Timchenko et al., 1999). Site directed mutagenesis demonstrates that the 
Walker B motif [hhxh(D/E)(D/E), where ‘h’ represents a hydrophobic residue] 
contributes to ATP binding and is essential in ATP hydrolysis, while motif C 
[h(T/S/x)(T/S/x)N] interacts with the gamma phosphate of ATP and the nucleophilic 




al., 2014). The fourth motif, motif B’ [(K/R)x3-4Gx7-8K], is specific to SF3 helicases 
and is found between Walker B and motif C (George et al., 2014; Koonin, 1993; 
Yoon-Robarts et al., 2004). It is suggested that this motif promotes allosteric changes 
in the Rep to mediate interactions with the dsDNA intermediate for ATPase and 
helicase activity (George et al., 2014; Yoon-Robarts et al., 2004).  
 
1.2.4 Evolution of single-stranded DNA viruses 
 
1.2.4.1 Genetic drift 
 
The rate of ssDNA virus evolution is comparable to RNA viruses. Specifically, 
monopartite geminiviruses evolve at a rate on the order of 2.0x10-4 - 3.5x10-4 
substitutions per site per year and bipartite geminiviruses evolve at mean rates of 
1.33x10-4 and 1.6x10-3 substitutions per site per year for DNA-A and DNA-B 
components, respectively (Duffy & Holmes, 2008; 2009; Harkins et al., 2009). A 
similar mutation rate of 1.78x10-3 substitutions per site per year was also observed in 
a nanovirus, Faba bean necrotic stunt virus (Grigoras et al., 2010). Estimated rates of 
0.520x10-3 - 1.226x10-3 substitutions per site per year were recorded for the CP of 
Porcine circovirus 2 (Nguyen et al., 2012), while the CP and Rep of Porcine 
parvovirus have estimated rates of 3.02x10-4 - 5.39x10-5 substitutions per site per 
year, respectively (Streck et al., 2011). Similarly, mean evolutionary rates of       
5.29x 10-4 - 5.51x10-4 substitutions per site per year were recorded for Torque teno sus 
viruses 1 and 2 (Anelloviridae) (Cadar et al., 2013).  
 
High mutation rates are unexpected as ssDNA viruses are replicated by host 
polymerases with presumed high fidelity and proofreading capabilities. Biased 
substitution patterns indicate possible mechanisms by which this high mutation rate 
occurs. High rates of C→T and G→A substitutions were reported by Duffy & Holmes 
(2008), suggesting that prolonged exposure of unpaired bases results in enzymatic or 
spontaneous deamination events on the ssDNA genome. Additionally, G→T 
transversions are overrepresented in Maize streak virus populations (van der Walt et 
al., 2008). This is indicative of increased guanine oxidation or decreased repair of 




increased mutation rates. Evidence suggests that the DNA of geminiviruses is 
unmethylated, therefore mismatch repair mechanisms may not function correctly 
during replication (Brough et al., 1992; Ge et al., 2007; Inamdar et al., 1992; 
Roossinck, 1997). It is also suggested that base-excision repair may not operate 
because dsDNA intermediates are transient during RCR (Duffy & Holmes, 2008). 
 
1.2.4.2 Recombination and reassortment 
 
SsDNA viruses also explore sequence space through recombination and reassortment. 
Evidence of recombination events in anelloviruses, circoviruses, geminiviruses and 
associated satellite molecules, microviruses, nanoviruses and parvoviruses (Amin et 
al., 2006; Cadar et al., 2013; Cai et al., 2012; Cheung, 2009; Grigoras et al., 2014; 
Huang et al., 2013; Idris & Brown, 2004; Julian et al., 2013; Lefeuvre et al., 2009; 
Leppik et al., 2007; Martin et al., 2011b; Mochizuki et al., 2008; Rokyta et al., 2006; 
Savory & Ramakrishnan, 2014; Silva et al., 2014; Stainton et al., 2012; Tyumentsev 
et al., 2014; Varsani et al., 2008), and reassortment events in nanoviruses have been 
found (Grigoras et al., 2014; Savory & Ramakrishnan, 2014; Stainton et al., 2012; 
Stainton et al., 2015). Recombination is the exchange of homologous or non-
homologous sequences between genomes. This requires replication of more than one 
genome within the same host cell, therefore recombination rates are maximised by 
shared geographical distributions, epidemiology and tissue tropism (Martin et al., 
2011a).  
 
The exact mechanism underlying recombination in ssDNA viruses is not clear. 
Homologous recombinants may form through a copy-choice mechanism, whereby 
replication complexes disassociate and replication resumes at a different location 
(Martin et al., 2011a; Viguera et al., 2001). Template switching is likely promoted by 
secondary structures that stall the replication complexes, such as the stem-loop at the 
origin of replication which is a known recombination hotspot (Lefeuvre et al., 2009). 
Replication complexes may also dissociate due to clashes with transcription 
machinery (Helmrich et al., 2013; Martin et al., 2011a). Alternatively, recombinants 
may be formed by double-stranded break repair mechanisms (Cromie et al., 2001; Xu 




double-stranded break site. Recombinants are formed by hybridisation between the 3’ 
overhang and homologous sequences, priming synthesis of a complementary strand. 
Covalently closed circular dsDNA intermediates can be replicated multiple times by 
host polymerases, producing heterogenous-length high molecular weight double-
stranded DNA (hDNA) that is likely released as unit-length genomes (Alberter et al., 
2005; Jeske et al., 2001; Martin et al., 2011a; Stenger et al., 1991). Break resolution 
by non-homologous end joining involves degradation of the 3’ overhangs by nuclease 
activity and subsequent ligation to form non-homologous recombinants (Lieber et al., 
2003).  
 
Reassortment, or pseudo-replication, involves the exchange of whole components 
between isolates. Reassortment has been documented in the multipartite genomes of 
nanoviruses, bipartite begomoviruses (Geminiviridae) and associated satellite 
molecules (Brown et al., 2002; Grigoras et al., 2014; Idris & Brown, 2004; Malik et 
al., 2011; Silva et al., 2014; Stainton et al., 2012; Stainton et al., 2015; Unseld et al., 
2000). Studies suggest that these genome reassortments can yield infectious clones 
with distinct biological properties relative to the parental viruses (Brown et al., 2002; 
Chakraborty et al., 2008). This process is restricted, as fully functional viruses must 
inherit components that will cooperate to ensure successful viral propagation (Hill et 
al., 1998; Sung & Coutts, 1995). Inter-component homologous recombination 
frequently occurs between common regions to maintain trans-replicational control of 
reassorted components (Hu et al., 2007; Hughes, 2004; Martin et al., 2011a; Savory 
& Ramakrishnan, 2014; Stainton et al., 2012). The common region of a newly 
introduced component can be replaced by that of the DNA-A / DNA-R component 
during the capture process, however a period of adaptive evolution may be required to 
optimise functionality (Hou & Gilbertson, 1996; Hu et al., 2007; Hughes, 2004; Jovel 
et al., 2007; Jovel et al., 2004; Saunders et al., 2002). The evolution of multipartite 
ssDNA genomes is thought to involve recombination between the DNA-A component 
of geminiviruses and associated satellite molecules (Briddon et al., 2010; Martin et 
al., 2011a). 
 
Recombination events occur between viral and host genomes, as well as between co-




Stanley, 1999; van der Walt et al., 2009). While recombination provides advantages 
to participating viral genomes, including rescue of defective molecules and rapid 
exploration of adaptive sequences, some recombinant genomes are less fit (Davino et 
al., 2009; Jeske et al., 2001; Martin et al., 2011a). Reduced fitness may be caused by 
disruptions to interactions within the ssDNA genome, secondary structure formation, 
and protein tertiary and quaternary structures. 
 
 
1.3 Approaches for the discovery of novel single-stranded DNA viruses 
 
1.3.1 Phi29 DNA polymerase 
 
Phi29 DNA polymerase has played a significant role in the discovery of novel circular 
DNA viruses (Johne et al., 2009). The genetic material of ssDNA viruses can be 
amplified by sequence-independent rolling circle amplification (RCA) prior to next-
generation sequencing (NGS). RCA uses bacteriophage Phi29 DNA polymerase, a 
highly processive enzyme with 3’ - 5’ exonuclease and proofreading activities 
(Blanco et al., 1989; Garmendia et al., 1992). Concentrations exceeding 0.1ρg of 
DNA are sufficiently amplified by Phi29 DNA polymerase, with a reported error rate 
of 3x10-6 - 5x10-6 (Nelson et al., 2002). Phi29 DNA polymerase possesses strand-
displacement properties, permitting exponential non-specific amplification of circular 
DNA templates with random hexamers (Blanco et al., 1989; Nelson et al., 2002). 
Circular templates are preferentially amplified, however, linear DNA is also 
efficiently amplified by the polymerase (Nelson et al., 2002).  
 
1.3.2 Next-generation sequencing platforms 
 
Over the past decade, a number of NGS platforms have been developed in response to 
limitations of Sanger sequencing (Metzker, 2010). NGS platforms enable cost-
effective acquisition of a large amount of data in a shorter timeframe than Sanger 
sequencing. NGS platforms have been used successfully in fields including genetics, 
medicine, metagenomics and evolution (Metzker, 2010; Rothberg & Leamon, 2008). 




followed by de novo or scaffold based assembly of shorter contigs into the complete 
DNA sequence (Metzker, 2010). The library is prepared by shearing DNA sequences 
to generate random fragments (Shendure & Ji, 2008). Alternatively, a library of mate-
paired reads can be used. Adapter sequences are ligated to each end of the DNA to 
immobilise fragments onto a surface for sequencing. Universal primers are used 
during amplification steps, permitting sequencing of target DNA without prior 
knowledge of the sequence. The processes and chemistry used for sequencing and 
imaging differ between NGS platforms.  
 
The following is a brief discussion of selected second- and third-generation platforms: 
Roche 454 pyrosequencing, Illumina/Solexa sequencing, SOLiD sequencing, Ion 
Torrent sequencing, single-molecule real-time sequencing with PacBio, and nanopore 
sequencing platforms. 
 
1.3.2.1 Roche 454 pyrosequencing 
 
Roche 454 pyrosequencing was the first NGS platform available commercially 
(Margulies et al., 2005). A library of random adapter-flanked DNA fragments is used. 
Individual fragments are bound to 28µm beads that are captured inside an oil 
emulsion (Margulies et al., 2005; Shendure & Ji, 2008). Emulsion PCR inside each 
oil droplet produces clonal populations of amplified fragments. The oil droplet is 
broken and unbound complementary strands are washed away by a denaturant. 
Amplicon-bearing beads are first incubated with Bacillus stearothermophilus 
polymerase, followed by incubation with a single-stranded binding protein (Shendure 
& Ji, 2008). The incubated beads are then deposited into individual picolitre-scale 
wells on a fibre-optic slide with beads containing luciferase and ATP sulfurylase 
(Margulies et al., 2005; Shendure & Ji, 2008).  A modified pyrosequencing protocol 
is implemented on individual fibre-optic slides containing approximately 1.6 million 
wells. Unlabelled deoxynucleotides (dNTPs) are added one at a time, followed by an 
apyrase wash after each cycle to ensure that the nucleotide is sufficiently removed 
before addition of the next dNTP species. A high reagent volume is therefore 
required. Incorporation of a nucleotide into the complementary strand releases a 




luciferase activities. Photon release is detected by the charge-coupled device attached 
to the bottom of the fibre-optic slide. Signal intensity relative to a baseline level is 
used to determine if a nucleotide(s) was incorporated into the complementary strand. 
The pattern of photon release over time is used to elucidate the sequence of a DNA 
fragment at a given coordinate in the microarray. This approach is asynchronous, as 
the rate of base addition to the complementary strand will differ between fragments 
depending on their sequence. Interpretation is complicated by homopolymers, as 
consecutive incorporations of a dNTP species in a single cycle is not prevented 
(Shendure & Ji, 2008). Therefore, the insertion-deletion error rate in this approach is 
higher than other sequencing technologies. High-quality reads with distinct 
differences between baseline levels and an incorporation event are selected to 
determine the sequence of the DNA fragment (Margulies et al., 2005). The high-
quality reads are then aligned to determine the sequence of the target DNA molecule. 
The read length supported by Roche 454 pyrosequencing is higher than other 
established NGS platforms (Shendure & Ji, 2008). 
 
1.3.2.2 Illumina/Solexa sequencing 
 
Illumina/Solexa sequencing utilises a sequencing-by-synthesis approach (Metzker, 
2010; Shendure & Ji, 2008). DNA fragments that are approximately 200-300nt in size 
are selected from a randomly generated library. Adapter sequences are ligated to each 
end of the fragments and hybridise with forward and reverse primers attached on the 
inside surface of flow cell channels. Clonal populations of the immobilised fragments 
are generated within independent lanes by bridge amplification. A single flow-cell 
contains eight lanes, facilitating simultaneous sequencing of up to eight independent 
DNA libraries. Following amplification, the dsDNA is denatured by formamide and 
the reverse strands and PCR components are washed away. DNA polymerase, 
sequencing primers and nucleotides with differently coloured fluorophores are added 
to the flow cell for synthesis of complementary strands. The labelled nucleotide acts 
as a 3’-blocked reversible terminator to ensure that nucleotides are incorporated into 
the complementary strand in separate events. This approach therefore overcomes the 
homopolymer issues of Roche 454 pyrosequencing (Shendure & Ji, 2008). A laser 




the optical system. The fluorophore is chemically removed, priming the strand for 
further incorporation events. Base-calling is informed by emission wavelength and 
pulse intensity and a quality checking pipeline ensures high raw-read accuracy. Once 
base-calling has identified the sequences of DNA fragments, the short reads are 
aligned to determine the sequence of the complete DNA molecule. This is a high 
throughput method, generating 100-200 million copies of the original template that 
are sequenced in parallel (Metzker, 2010). However, data acquisition takes more time 
than other NGS platforms and shorter reads are generated (Metzker, 2010; Quail et 
al., 2012). The predominant errors in Illumina sequencing are substitution errors. As 
sequencing proceeds, an increased substitution error rate occurs due to incomplete 
removal of unincorporated fluorescent nucleotides between events, resulting in higher 
background noise. 
 
1.3.2.3 SOLiD system 
 
Support oligonucleotide ligation detection (SOLiD), developed by Applied 
Biosystems, is a sequencing-by-ligation NGS platform (Metzker, 2010; Shendure & 
Ji, 2008). This approach involves emulsion PCR where a library of fragmented DNA 
is attached to microreactors containing template DNA, PCR reaction components, 
1µm paramagnetic beads and primers. This creates clonal populations of DNA 
templates attached to separate beads. Simultaneous PCR reactions are followed by 
denaturation and selection of beads with extended DNA templates. Selected beads 
undergo a 3’ modification and are covalently attached to a flow cell. Approximately 
100 million reads are generated per flow cell (Rothberg & Leamon, 2008), although 
these reads are very short and the data acquisition process takes longer than other 
NGS platforms (Metzker, 2010; Schadt et al., 2010). Universal primers anneal to 
adapter sequences on each bead and di-base octamer probes are ligated to the primers 
using DNA ligase. The probes identify a two-base combination, thus there are sixteen 
possible dinucleotide sequences encoded by four dyes of different colours. Distinct 
probes corresponding to four of the dinucleotide sequences are added at a time, where 
the complementary di-base probe hybridises to the amplified template and is ligated 
to the primer. Upon ligation, the fluorescent signal is emitted. The fluorophore is then 




hybridisation, ligation to the template DNA, imaging and cleavage occurs, with every 
fifth base sequenced. The extended primer is removed and a new universal primer is 
added complementary to the n-1 position. Primer reset allows sequencing of the next 
frame using the cycle described. SOLiD sequencing achieves high quality sequencing 
as the identity of each base is confirmed in multiple cycles. The short reads are 
aligned to determine the DNA sequence of the unfragmented DNA molecule.  
 
1.3.2.4 Ion Torrent sequencing  
 
Ion Torrent sequencing is a sequencing-by-synthesis approach that uses an efficient 
complementary metal-oxide-semiconductor (CMOS) chip (Merriman et al., 2012). 
Both sequencing and data collection is performed on the CMOS chip which contains 
millions of individual transistor-based sensors. This allows extensive sequencing of 
DNA molecules in parallel. DNA molecules from a library of fragments are bound 
onto individual beads that are deposited inside microwells. A transistor-based sensor 
is also located at the bottom of each microwell. Clonal populations of fragmented 
sample DNA are generated by emulsion PCR, in a manner similar to Roche 454 
pyrosequencing (see section 1.3.2.1). dNTPs are sequentially added to the biosensor 
array followed by a wash step to ensure each dNTP is completely removed before the 
next species is added. Incorporation of the dNTP into the complementary strand 
causes a release of pyrophosphate molecules and hydrogen ions. The latter is detected 
by the pH-sensitive field effect transistor (pHFET) device. An incorporation event is 
recorded by the pHFET device as a change in current through the transistor. The 
change in current is proportional to the number of incorporation events per round, 
allowing homopolymeric templates to be sequenced more accurately than Roche 454 
pyrosequencing, however the Ion Torrent sequencing platform fails to sequence 
extended homopolymeric templates (Quail et al., 2012). A base-calling algorithm is 
used to convert the series of individual signals into the sequence of fragmented DNA 
(Merriman et al., 2012). These short reads are then assembled into the complete target 
DNA sequence. Unlike Illumina/Solexa sequencing, this platform does not involve 
incorporation of labelled nucleotides into an elongating strand. Because unmodified 
nucleotides are used, this platform has reduced reagent costs and can support longer 




1.3.2.5 Single-molecule real-time sequencing 
 
Single-molecule real-time (SMRT) sequencing, developed by Pacific Biosystems, is a 
third-generation NGS platform (Eid et al., 2009; Korlach et al., 2010; Schadt et al., 
2010). Individual Phi29 DNA polymerases are immobilised onto zero-mode 
waveguide (ZMW) nanostructures using biotin/streptavidin interactions. Each ZMW 
nanostructure acts as a nanophotonic visualisation chamber for sequencing of a single 
DNA molecule (Levene et al., 2003). Arrays consist of approximately 3000 ZMW 
nanostructures, so this approach has a moderate throughput relative to other 
technologies (Metzker, 2010; Schadt et al., 2010). A laser illuminates the bottom 
30nm of the ZMW so that the SMRT DNA sequencing optical system can detect 
fluorescence. Base-calling is informed by fluorophores of different emission 
wavelengths that are attached to the terminal phosphate of nucleotides. The different 
phospholinked nucleotides are added to the ZMV nanostructure individually where 
they emit a fluorescence signal when stimulated by the laser. When the cognate 
nucleotide is added, it binds to the active site of the polymerase and the fluorophore is 
cleaved. The length of the fluorescent pulse is approximately three orders of 
magnitude longer when the nucleotide binds to the active site of the polymerase than 
simple diffusion. This change in time is detected as a higher intensity signal by the 
optical system. Synthesis of the complementary strand is recorded as single 
incorporation events, allowing the DNA sequence to be determined. As SMRT 
sequencing analyses single molecules, it allows much higher resolution sequencing 
and longer reads than other approaches, although data acquisition takes more time 
(Metzker, 2010; Quail et al., 2012; Schadt et al., 2010). Notably, this platform also 
displays a significant bias against AT-rich genomes and higher error rates than some 
other NGS platforms.  
 
1.3.2.6 Nanopore sequencing technologies 
 
Nanopore sequencing is an emerging NGS platform (Schadt et al., 2010). This 
approach does not require modifications to the DNA molecule, amplification or 
involved chemical reactions (Branton et al., 2008; Schadt et al., 2010; Venkatesan & 




electrolyte-filled chambers (Merchant et al., 2010; Schneider et al., 2010). A voltage 
is applied to drive translocation of unmodified DNA molecules through the nanopore. 
The diameter of biological or synthetic nanopores is comparable to DNA to ensure 
that molecules pass through the nanopore individually. Translocation of the DNA 
molecule disrupts the ionic current. The difference in current is dependent on the 
dNTP in the nanopore. The DNA sequence can therefore be determined by recording 
changes in ionic current over time. A sensor array chip is used consisting of 
microscaffolds each with a membrane, nanopore and electrode. This permits high 
throughput sequencing of DNA molecules. This approach supports longer read 
lengths than other sequencing technologies and requires low reagent volumes. Similar 
nanopore sequencing technologies have been developed that use a transistor to reduce 
the translocation speed, reducing base-calling errors (Schadt et al., 2010).  
  
 
1.4 Aims and rationale of this study 
 
Viral metagenomic approaches have identified novel CRESS DNA viruses from 
various environmental samples, including air (Roux et al., 2013; Whon et al., 2012), 
wastewater / sewage (Cantalupo et al., 2011; Kraberger et al., 2015a; Ng et al., 2012; 
Phan et al., 2015; Rosario et al., 2009b; Roux et al., 2013), soil (Kim et al., 2008; 
Reavy et al., 2015), water ecosystems (Breitbart et al., 2015; Dayaram et al., 2014; 
Dayaram et al., 2016; Dayaram et al., 2015a; Fahsbender et al., 2015; Hewson et al., 
2013a; Hewson et al., 2013b; Kim et al., 2015; Labonté & Suttle, 2013; López-Bueno 
et al., 2009; Ng et al., 2013; Rosario et al., 2009b; Rosario et al., 2015a; Roux et al., 
2012; Smith et al., 2013; Yoshida et al., 2013; Zawar-Reza et al., 2014), plant 
material (Basso et al., 2015; Dayaram et al., 2012; Du et al., 2014; Kraberger et al., 
2015b; Male et al., 2015; Marzano & Domier, 2015) and invertebrates (Dayaram et 
al., 2014; Dayaram et al., 2013c; Dayaram et al., 2015b; Garigliany et al., 2015; Ng 
et al., 2011b; Padilla-Rodriguez et al., 2013; Pham et al., 2013; Rosario et al., 2012a; 
Rosario et al., 2015a; Rosario et al., 2015b). Notably, CRESS DNA viruses were 
recovered from animal or human faeces in numerous studies (Blinkova et al., 2010; 
Castrignano et al., 2013; Cheung et al., 2014a; Cheung et al., 2014b; Cheung et al., 




al., 2011; Ge et al., 2012; Hansen et al., 2015; Kim et al., 2014; Kim et al., 2012; Li 
et al., 2010a; Li et al., 2013; Li et al., 2011; Li et al., 2010b; Li et al., 2015; Lima et 
al., 2015; Male et al., 2016; Ng et al., 2014; Ng et al., 2012; Ng et al., 2015; Phan et 
al., 2016; Phan et al., 2011; Phan et al., 2015; Phan et al., 2013; Reuter et al., 2014; 
Sachsenröder et al., 2014; Sachsenröder et al., 2012; Sasaki et al., 2015; Sato et al., 
2015; Shan et al., 2011; Sikorski et al., 2013a; Sikorski et al., 2013b; Sikorski et al., 
2013d; Smits et al., 2014; Tan et al., 2013 ; van den Brand et al., 2012; Victoria et al., 
2009; Woo et al., 2014; Wu et al., 2015; Zhang et al., 2014). The recovered genomes 
represent members of the human or animal virome that are shed into faecal matter and 
the viral communities present in faeces, including associated prokaryotes, fungi, plant 
material and invertebrates. Sampling viruses in an ecosystem using faeces is of 
particular interest as it has potential as a surveillance tool for the management of 
disease outbreaks. Faecal sampling is an ideal system as it is non-invasive and cost-
effective. The long life span of animals permits sampling of the viral reservoir for a 
longer time period with a broader scope than invertebrates where the viral reservoir 
concept has also been applied (Ng et al., 2011b). 
 
Many of the novel CRESS DNA viruses identified cannot be classified into viral 
taxonomic classifications. CRESS DNA viruses have been recovered from a range of 
sample types collected in New Zealand (Table 1.3). These viruses were isolated from 
animal faeces (Sikorski et al., 2013a; Sikorski et al., 2013b; Sikorski et al., 2013d), 
bird blood and feathers (Jackson et al., 2014a; Jackson et al., 2015; Massaro et al., 
2012; Ortiz-Catedral et al., 2010), sediment (Dayaram et al., 2015a; Dayaram et al., 
2016; Kraberger et al., 2013), dragonflies and dragonfly larvae (Dayaram et al., 2014; 
Dayaram et al., 2016; Dayaram et al., 2013c), grass (Kraberger et al., 2015b), 
molluscs (Dayaram et al., 2016; Dayaram et al., 2015a; Dayaram et al., 2013a; b), 
nesting material (Sikorski et al., 2013c), lake water (Dayaram et al., 2016) and a 
sewage oxidation pond sample (Kraberger et al., 2015a). With the exception of Beak 
and feather disease virus isolates (Jackson et al., 2014a; Jackson et al., 2015; Massaro 
et al., 2012; Ortiz-Catedral et al., 2010) and Starling circovirus (Dayaram et al., 
2013a), the remaining recovered CRESS DNA viruses are divergent and hence are not 
classified into any formal taxa. Some CRESS DNA viruses are clustered into 




namely the cycloviruses, smacoviruses and gemycircularviruses (Li et al., 2011; Ng et 
al., 2015; Rosario et al., 2012a).  
 
Additionally, various circular molecules have been discovered encoding a single ORF 
(Kraberger et al., 2015a). The subgenomic DNA molecules encoded a Rep (n=8) or a 
CP (n=3) and may represent single components of multipartite CRESS DNA viruses 
or defective viral genomes that are an artefact of CRESS DNA virus replication. 
 
Overall, the true extent of viral diversity in New Zealand, particularly of CRESS 
DNA viruses, is poorly understood. New Zealand CRESS DNA viruses have been 
identified largely due to the efforts of a single research group. Given the wide 
diversity in location and isolation source of recovered isolates, CRESS DNA viruses 
are likely to be highly prevalent in New Zealand. The objective of this study was to 
expand the limited knowledge of CRESS DNA virus diversity in New Zealand using 
faecal matter collected from various animal species. 
 
1.4.1 Specific aims 
 
The primary goal of this dissertation was to expand our knowledge of CRESS DNA 
viruses circulating in New Zealand using viral metagenomic approaches. Specifically, 
this study sought to: 
 
1) Identify CRESS DNA viruses associated with faecal matter of domestic and 
wild animals in New Zealand 
2) Determine, if any, the association of CRESS DNA virus species with faecal 
sources 
 
The association of CRESS DNA viruses with animal faecal matter collected in New 
Zealand has not been extensively studied (Sikorski et al., 2013a; Sikorski et al., 
2013b; Sikorski et al., 2013d). Initial studies have demonstrated that diverse CRESS 
DNA viruses can be identified from the faeces of various animal species across the 
South Island and Chatham Islands of New Zealand. Namely, metagenomic analyses 




the faeces of multiple animal species, an unclassified CRESS DNA virus recovered 
from New Zealand fur seal faeces, and a smacovirus isolate from pig faeces. 
Furthermore, thirteen gemycircularvirus isolates, 37 unclassified CRESS DNA 
viruses and eleven circular molecules were identified in a sewage oxidation pond 
sample collected in New Zealand (Kraberger et al., 2015a). Evidently, faecal sources 
are a powerful tool for the discovery of divergent CRESS DNA viruses in New 
Zealand. 
 
In addition to faecal sources, CRESS DNA viruses have been recovered from other 
isolation sources in New Zealand. Additional gemycircularvirus isolates were 
identified in benthic river sediment ( Kraberger et al., 2013) and a soft brome sample 
(Kraberger et al., 2015b). 46 Beak and feather disease virus isolates and two Starling 
circovirus isolates have been recovered from the blood and feathers of infected birds 
(Jackson et al., 2014a; Jackson et al., 2015; Massaro et al., 2012; Ortiz-Catedral et 
al., 2010) and mollusc tissue (Dayaram et al., 2013a), respectively. The only 
cyclovirus to be identified in New Zealand, Dragonfly cyclovirus 7, was recovered 
from a red damselfly (Dayaram et al., 2013c). Divergent, unclassified CRESS DNA 
viruses have also been identified in dragonflies (Dayaram et al., 2014; Dayaram et al., 
2016), grass (Kraberger et al., 2015b), molluscs (Dayaram et al., 2016; Dayaram et 
al., 2015a; Dayaram et al., 2013b) and lake water and sediment (Dayaram et al., 
2016).  
 
Given the limited research on this apparently prevalent group of viruses in a New 
Zealand context, this study aimed to identify novel CRESS DNA viruses. 
Additionally, a previous study identified a CRESS DNA virus, Starling circovirus, 
that was not known to be present in New Zealand using viral metagenomics (Dayaram 
et al., 2013b). By identifying novel CRESS DNA viruses and previously identified 
CRESS DNA viruses from new isolation sources and locations, this study aims to 




Table 1.3: Description of circoviruses, cycloviruses, gemycircularviruses, smacoviruses, unclassified CRESS DNA viruses and unclassified 
circular molecules recovered from samples collected in New Zealand between 2008 and 2013. 
 
CRESS virus type Accession # Virus Host Sample type Sampling year Sampling location Reference 
Circovirus GQ396652 BFDV Cyanoramphus novaezelandiae Blood / feather 2008 Little barrier Island (Ortiz-Catedral et al., 2010) 
Circovirus GQ396653 BFDV Cyanoramphus novaezelandiae Blood / feather 2008 Little barrier Island (Ortiz-Catedral et al., 2010) 
Circovirus GQ396654 BFDV Cyanoramphus novaezelandiae Blood / feather 2008 Little barrier Island (Ortiz-Catedral et al., 2010) 
Circovirus GQ396655 BFDV Cyanoramphus novaezelandiae Blood / feather 2008 Little barrier Island (Ortiz-Catedral et al., 2010) 
Circovirus GQ396656 BFDV Cyanoramphus novaezelandiae Blood / feather 2008 Little barrier Island (Ortiz-Catedral et al., 2010) 
Circovirus GU936287 BFDV Platycercus eximius Blood / feather 2008 Auckland (Massaro et al., 2012) 
Circovirus GU936288 BFDV Cyanoramphus novaezelandiae Blood / feather 2008 Little barrier Island (Massaro et al., 2012) 
Circovirus GU936289 BFDV Cyanoramphus novaezelandiae Blood / feather 2008 Little barrier Island (Massaro et al., 2012) 
Circovirus GU936290 BFDV Cyanoramphus novaezelandiae Blood / feather 2008 Little barrier Island (Massaro et al., 2012) 
Circovirus GU936291 BFDV Cyanoramphus novaezelandiae Blood / feather 2008 Little barrier Island (Massaro et al., 2012) 
Circovirus GU936292 BFDV Cyanoramphus novaezelandiae Blood / feather 2008 Little barrier Island (Massaro et al., 2012) 
Circovirus GU936293 BFDV Cyanoramphus novaezelandiae Blood / feather 2008 Little barrier Island (Massaro et al., 2012) 
Circovirus GU936294 BFDV Cyanoramphus novaezelandiae Blood / feather 2008 Little barrier Island (Massaro et al., 2012) 
Circovirus GU936295 BFDV Cyanoramphus novaezelandiae Blood / feather 2008 Little barrier Island (Massaro et al., 2012) 
Circovirus GU936296 BFDV Cyanoramphus novaezelandiae Blood / feather 2008 Little barrier Island (Massaro et al., 2012) 
Circovirus GU936297 BFDV Cyanoramphus novaezelandiae Blood / feather 2008 Little barrier Island (Massaro et al., 2012) 
Circovirus JF519618 BFDV Cyanoramphus novaezelandiae Blood / feather 2010 Little barrier Island (Massaro et al., 2012) 
Circovirus JF519619 BFDV Platycercus eximius Blood / feather 2010 Auckland (Massaro et al., 2012) 
Circovirus JQ782196 BFDV Platycercus eximius Blood / feather 2009 Auckland (Massaro et al., 2012) 
Circovirus JQ782197 BFDV Platycercus eximius Blood / feather 2009 Auckland (Massaro et al., 2012) 
Circovirus JQ782198 BFDV Platycercus eximius Blood / feather 2009 Auckland (Massaro et al., 2012) 
Circovirus JQ782199 BFDV Platycercus eximius Blood / feather 2009 Auckland (Massaro et al., 2012) 
Circovirus JQ782200 BFDV Platycercus eximius Blood / feather 2009 Auckland (Massaro et al., 2012) 
Circovirus JQ782201 BFDV Cyanoramphus auriceps Blood / feather 2011 Fiordland (Massaro et al., 2012) 
Circovirus JQ782202 BFDV Cyanoramphus auriceps Blood / feather 2012 Fiordland (Massaro et al., 2012) 
Circovirus JQ782203 BFDV Cyanoramphus auriceps Blood / feather 2012 Fiordland (Massaro et al., 2012) 
Circovirus JQ782204 BFDV Cyanoramphus auriceps Blood / feather 2012 Fiordland (Massaro et al., 2012) 
Circovirus JQ782205 BFDV Cyanoramphus auriceps Blood / feather 2012 Fiordland (Massaro et al., 2012) 
Circovirus JQ782206 BFDV Cyanoramphus auriceps Blood / feather 2012 Fiordland (Massaro et al., 2012) 
Circovirus JQ782207 BFDV Cyanoramphus auriceps Blood / feather 2012 Fiordland (Massaro et al., 2012) 
Circovirus JQ782208 BFDV Cyanoramphus auriceps Blood / feather 2012 Fiordland (Massaro et al., 2012) 
Circovirus KC846095 StCV Amphibola crenata Tissue 2012 Christchurch (Dayaram et al., 2013a) 
Circovirus KC846096 StCV Amphibola crenata Tissue 2012 Christchurch (Dayaram et al., 2013a) 
Circovirus KF467251 BFDV Platycercus eximius Blood / feather 2012 Auckland (Jackson et al., 2014a) 
Circovirus KF467252 BFDV Platycercus eximius Blood / feather 2012 Auckland (Jackson et al., 2014a) 
Circovirus KF467253 BFDV Platycercus eximius Blood / feather 2012 Auckland (Jackson et al., 2014a) 
Circovirus KF467254 BFDV Platycercus eximius Blood / feather 2012 Auckland (Jackson et al., 2014a) 
Circovirus KM452734 BFDV Cyanoramphus novaezelandiae Blood / feather 2013 Auckland (Jackson et al., 2015) 
Circovirus KM452735 BFDV Cyanoramphus novaezelandiae Blood / feather 2013 Little barrier Island (Jackson et al., 2015) 
Circovirus KM452736 BFDV Cyanoramphus novaezelandiae Blood / feather 2013 Little barrier Island (Jackson et al., 2015) 
Circovirus KM452737 BFDV Cyanoramphus novaezelandiae Blood / feather 2011 Tiritiri Matangi Island (Jackson et al., 2015) 




Circovirus KM452739 BFDV Cyanoramphus novaezelandiae Blood / feather 2012 Kapiti Island (Jackson et al., 2015) 
Circovirus KM452740 BFDV Cyanoramphus novaezelandiae Blood / feather 2012 Kapiti Island (Jackson et al., 2015) 
Circovirus KM452741 BFDV Cyanoramphus novaezelandiae Blood / feather 2012 Kapiti Island (Jackson et al., 2015) 
Circovirus KM452742 BFDV Cyanoramphus novaezelandiae Blood / feather 2010 Kapiti Island (Jackson et al., 2015) 
Circovirus KM452743 BFDV Cyanoramphus novaezelandiae Blood / feather 2010 Kapiti Island (Jackson et al., 2015) 
Circovirus KM452744 BFDV Cyanoramphus novaezelandiae Blood / feather 2009 ZEALANDIA-Karori sanctuary (Jackson et al., 2015) 
Cyclovirus KC512919 DfCyV-7 Xanthocnemis zealandica Tissue 2011 Christchurch (Dayaram et al., 2013c) 
Gemycircularvirus KF268025 SsHADV-1 - River Sediments 2012 Christchurch (Kraberger et al., 2013) 
Gemycircularvirus KF268026 SsHADV-1 - River Sediments 2012 Christchurch (Kraberger et al., 2013) 
Gemycircularvirus KF268027 SsHADV-1 - River Sediments 2012 Christchurch (Kraberger et al., 2013) 
Gemycircularvirus KF268028 SsHADV-1 - River Sediments 2012 Christchurch (Kraberger et al., 2013) 
Gemycircularvirus KF371630 FaGmV-12 Struthio camelus Faeces 2011 Christchurch (Sikorski et al., 2013d) 
Gemycircularvirus KF371631 FaGmV-11 Oryctolagus cuniculus Faeces 2009 Cass Basin (Sikorski et al., 2013d) 
Gemycircularvirus KF371632 FaGmV-10 Sturnus vulgaris Faeces 2009 Rangatira Island, Chatham Islands (Sikorski et al., 2013d) 
Gemycircularvirus KF371633 FaGmV-9 Turdus merula Faeces 2011 Rangatira Island, Chatham Islands (Sikorski et al., 2013d) 
Gemycircularvirus KF371634 FaGmV-8 Petroica traversi Faeces 2011 Rangatira Island, Chatham Islands (Sikorski et al., 2013d) 
Gemycircularvirus KF371635 FaGmV-7 Anas platyrhynchos Faeces 2012 Christchurch (Sikorski et al., 2013d) 
Gemycircularvirus KF371636 FaGmV-6 Gerygone albofrontata Faeces 2011 Rangatira Island, Chatham Islands (Sikorski et al., 2013d) 
Gemycircularvirus KF371637 FaGmV-5 Gerygone albofrontata Faeces 2011 Rangatira Island, Chatham Islands (Sikorski et al., 2013d) 
Gemycircularvirus KF371638 FaGmV-4 Arctocephalus forsteri Faeces 2012 Kaikoura (Sikorski et al., 2013d) 
Gemycircularvirus KF371639 FaGmV-3 Gerygone albofrontata Faeces 2011 Rangatira Island, Chatham Islands (Sikorski et al., 2013d) 
Gemycircularvirus KF371640 FaGmV-2 Sus scrofa Faeces 2011 Cass Basin (Sikorski et al., 2013d) 
Gemycircularvirus KF371641 FaGmV-1c Turdus merula Faeces 2009 Rangatira Island, Chatham Islands (Sikorski et al., 2013d) 
Gemycircularvirus KF371642 FaGmV-1b Turdus merula Faeces 2011 Rangatira Island, Chatham Islands (Sikorski et al., 2013d) 
Gemycircularvirus KF371643 FaGmV-1a Ovis aries Faeces 2009 Cass Basin (Sikorski et al., 2013d) 
Gemycircularvirus KJ547634 SaGmV-4 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Gemycircularvirus KJ547635 SaGmV-5 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Gemycircularvirus KJ547636 SaGmV-6 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Gemycircularvirus KJ547637 SaGmV-7a - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Gemycircularvirus KJ547638 SaGmV-8 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Gemycircularvirus KJ547639 SaGmV-9 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Gemycircularvirus KJ547640 SaGmV-7b - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Gemycircularvirus KJ547641 SaGmV-11 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Gemycircularvirus KJ547642 SaGmV-2 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Gemycircularvirus KJ547643 SaGmV-3 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Gemycircularvirus KJ547644 SaGmV-10a - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Gemycircularvirus KJ547645 SaGmV-10b - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Gemycircularvirus KM510192 BasCV-3 Bromus hordeaceus Leaf 2012 Sefton (Kraberger et al., 2015b) 
Gemycircularvirus KM821747 SaGmV-1 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Smacovirus JX274036 PoSCV Sus scrofa Faeces 2012 Cass Basin (Sikorski et al., 2013a) 
Unclassified CRESS DNA virus JX908739 CynNCXV - Nesting material 2012 Polter Valley (Sikorski et al., 2013c) 
Unclassified CRESS DNA virus JX908740 CynNCKV - Nesting material 2012 Polter Valley (Sikorski et al., 2013c) 
Unclassified CRESS DNA virus KC172652 GaCSV Amphibola crenata Tissue 2012 Christchurch (Dayaram et al., 2013b) 
Unclassified CRESS DNA virus KF246569 FSfaCV Arctocephalus forsteri Faeces 2012 Kaikoura (Sikorski et al., 2013b) 
Unclassified CRESS DNA virus KF738873 DflaCV-1 Procordulia grayi Tissue 2012 Lake Donne (Dayaram et al., 2014) 
Unclassified CRESS DNA virus KF738874 DflaCV-2 Procordulia grayi Tissue 2012 Lake Sarah (Dayaram et al., 2014) 
Unclassified CRESS DNA virus KF738875 DflaCV-3 Procordulia grayi Tissue 2012 Lake Grassmere (Dayaram et al., 2014) 




Unclassified CRESS DNA virus KF738877 DflaCV-4 Procordulia grayi Tissue 2012 Lake Grassmere (Dayaram et al., 2014) 
Unclassified CRESS DNA virus KF738878 DflaCV-5 Procordulia grayi Tissue 2012 Lake Grassmere (Dayaram et al., 2014) 
Unclassified CRESS DNA virus KF738879 DflaCV-5 Procordulia grayi Tissue 2012 Lake Sarah (Dayaram et al., 2014) 
Unclassified CRESS DNA virus KF738880 DflaCV-6 Procordulia grayi Tissue 2012 Lake Donne  (Dayaram et al., 2014) 
Unclassified CRESS DNA virus KF738881 DflaCV-7 Procordulia grayi Tissue 2012 Lake Hawdon (Dayaram et al., 2014) 
Unclassified CRESS DNA virus KF738882 DflaCV-8 Procordulia grayi Tissue 2012 Lake Sarah (Dayaram et al., 2014) 
Unclassified CRESS DNA virus KF738883 DflaCV-9 Procordulia grayi Tissue 2012 Lake Donne (Dayaram et al., 2014) 
Unclassified CRESS DNA virus KF738884 DflaCV-10 Xanthocnemis zealandica Tissue 2012 Lake Sarah (Dayaram et al., 2014) 
Unclassified CRESS DNA virus KF738885 DflaCV-10 Xanthocnemis zealandica Tissue 2012 Lake Hawdon (Dayaram et al., 2014) 
Unclassified CRESS DNA virus KJ547620 SaCV-1 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Unclassified CRESS DNA virus KJ547621 SaCV-10 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Unclassified CRESS DNA virus KJ547622 SaCV-11 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Unclassified CRESS DNA virus KJ547623 SaCV-12 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Unclassified CRESS DNA virus KJ547624 SaCV-13 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Unclassified CRESS DNA virus KJ547625 SaCV-14 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Unclassified CRESS DNA virus KJ547626 SaCV-2 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Unclassified CRESS DNA virus KJ547627 SaCV-3 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Unclassified CRESS DNA virus KJ547628 SaCV-4 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Unclassified CRESS DNA virus KJ547629 SaCV-5 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Unclassified CRESS DNA virus KJ547630 SaCV-6 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Unclassified CRESS DNA virus KJ547631 SaCV-7 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Unclassified CRESS DNA virus KJ547632 SaCV-8 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Unclassified CRESS DNA virus KJ547633 SaCV-9 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Unclassified CRESS DNA virus KM510189 BasCV-1 Bromus hordeaceus Leaf 2012 Sefton (Kraberger et al., 2015b) 
Unclassified CRESS DNA virus KM510190 BasCV-1 Bromus hordeaceus Leaf 2012 Wellington (Kraberger et al., 2015b) 
Unclassified CRESS DNA virus KM510191 BasCV-2 Bromus hordeaceus Leaf 2012 Wellington (Kraberger et al., 2015b) 
Unclassified CRESS DNA virus KM821748 SaCV-36 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Unclassified CRESS DNA virus KM821749 SaCV-37 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Unclassified CRESS DNA virus KM821750 SaCV-15 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Unclassified CRESS DNA virus KM821751 SaCV-16 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Unclassified CRESS DNA virus KM821752 SaCV-17 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Unclassified CRESS DNA virus KM821753 SaCV-18 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Unclassified CRESS DNA virus KM821754 SaCV-19 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Unclassified CRESS DNA virus KM821755 SaCV-20 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Unclassified CRESS DNA virus KM821756 SaCV-21 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Unclassified CRESS DNA virus KM821757 SaCV-22 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Unclassified CRESS DNA virus KM821758 SaCV-23 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Unclassified CRESS DNA virus KM821759 SaCV-24 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Unclassified CRESS DNA virus KM821760 SaCV-25 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Unclassified CRESS DNA virus KM821761 SaCV-26 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Unclassified CRESS DNA virus KM821762 SaCV-27 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Unclassified CRESS DNA virus KM821763 SaCV-28 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Unclassified CRESS DNA virus KM821764 SaCV-29 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Unclassified CRESS DNA virus KM821765 SaCV-30 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Unclassified CRESS DNA virus KM821766 SaCV-31 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Unclassified CRESS DNA virus KM821767 SaCV-32 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Unclassified CRESS DNA virus KM821768 SaCV-33 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 




Unclassified CRESS DNA virus KM821770 SaCV-35 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Unclassified CRESS DNA virus KM874290 AHEaCV-1 Austrovenus stutchburyi Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874291 AHEaCV-1 Austrovenus stutchburyi Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874292 AHEaCV-2 Austrovenus stutchburyi Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874293 AHEaCV-2 Austrovenus stutchburyi Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874294 AHEaCV-2 Austrovenus stutchburyi Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874295 AHEaCV-3 Austrovenus stutchburyi Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874296 AHEaCV-3 Austrovenus stutchburyi Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874297 AHEaCV-3 Amphibola crenata Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874298 AHEaCV-4 Austrovenus stutchburyi Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874299 AHEaCV-4 Austrovenus stutchburyi Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874300 AHEaCV-4 Austrovenus stutchburyi Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874301 AHEaCV-5 Austrovenus stutchburyi Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874302 AHEaCV-5 Austrovenus stutchburyi Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874303 AHEaCV-5 Amphibola crenata Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874304 AHEaCV-6 Austrovenus stutchburyi Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874305 AHEaCV-6 Austrovenus stutchburyi Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874306 AHEaCV-6 - River Sediments 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874307 AHEaCV-6 Paphies subtriangulata Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874308 AHEaCV-6 Amphibola crenata Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874309 AHEaCV-7 Austrovenus stutchburyi Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874310 AHEaCV-8 Austrovenus stutchburyi Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874311 AHEaCV-8 Austrovenus stutchburyi Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874312 AHEaCV-8 Paphies subtriangulata Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874313 AHEaCV-8 Amphibola crenata Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874314 AHEaCV-8 - River Sediments 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874315 AHEaCV-9 Austrovenus stutchburyi Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874316 AHEaCV-9 Austrovenus stutchburyi Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874317 AHEaCV-9 Amphibola crenata Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874318 AHEaCV-9 - River Sediments 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874319 AHEaCV-10 Austrovenus stutchburyi Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874320 AHEaCV-10 Austrovenus stutchburyi Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874321 AHEaCV-10 Amphibola crenata Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874322 AHEaCV-10 - River Sediments 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874323 AHEaCV-11 Austrovenus stutchburyi Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874324 AHEaCV-11 Austrovenus stutchburyi Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874325 AHEaCV-11 Austrovenus stutchburyi Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874326 AHEaCV-11 - River Sediments 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874327 AHEaCV-11 Paphies subtriangulata Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874328 AHEaCV-12 Austrovenus stutchburyi Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874329 AHEaCV-13 Austrovenus stutchburyi Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874330 AHEaCV-13 - River Sediments 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874331 AHEaCV-13 Amphibola crenata Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874332 AHEaCV-14 Austrovenus stutchburyi Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874333 AHEaCV-14 Amphibola crenata Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874334 AHEaCV-14 - River Sediments 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874335 AHEaCV-14 Paphies subtriangulata Tissue 2012 Christchurch (Dayaram et al., 2015a) 




Unclassified CRESS DNA virus KM874337 AHEaCV-15 Austrovenus stutchburyi Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874338 AHEaCV-15 Paphies subtriangulata Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874339 AHEaCV-15 - River Sediments 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874340 AHEaCV-16 Austrovenus stutchburyi Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874341 AHEaCV-16 Austrovenus stutchburyi Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874342 AHEaCV-16 - River Sediments 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874343 AHEaCV-17 Paphies subtriangulata Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874344 AHEaCV-17 Amphibola crenata Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874345 AHEaCV-17 Austrovenus stutchburyi Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874346 AHEaCV-18 Amphibola crenata Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874347 AHEaCV-19 Amphibola crenata Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874348 AHEaCV-20 Amphibola crenata Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874349 AHEaCV-20 Paphies subtriangulata Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874350 AHEaCV-21 Paphies subtriangulata Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874351 AHEaCV-22 Paphies subtriangulata Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874352 AHEaCV-22 - River Sediments 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874353 AHEaCV-23 Paphies subtriangulata Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874354 AHEaCV-24 Paphies subtriangulata Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874355 AHEaCV-25 Austrovenus stutchburyi Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874356 AHEaCV-25 Paphies subtriangulata Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874357 AHEaCV-25 - River Sediments 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874358 AHEaCV-25 Amphibola crenata Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874359 AHEaCV-26 Paphies subtriangulata Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874360 AHEaCV-27 Paphies subtriangulata Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874361 AHEaCV-27 Austrovenus stutchburyi Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874362 AHEaCV-28 Austrovenus stutchburyi Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874363 AHEaCV-28 Amphibola crenata Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874364 AHEaCV-28 - River Sediments 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874365 AHEaCV-28 Paphies subtriangulata Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874366 AHEaCV-29 Austrovenus stutchburyi Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874367 AHEaCV-29 Austrovenus stutchburyi Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KM874368 AHEaCV-29 Paphies subtriangulata Tissue 2012 Christchurch (Dayaram et al., 2015a) 
Unclassified CRESS DNA virus KP153390 LSaCV-1 Musculium novazelandiae Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153391 LSaCV-1 Potamopyrgus antipodarum, Physella acuta Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153392 LSaCV-1 Chironomus zealandicus Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153393 LSaCV-1 - Water 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153394 LSaCV-2 Potamopyrgus antipodarum, Physella acuta Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153395 LSaCV-3 Chironomus zealandicus Tissue    
Unclassified CRESS DNA virus KP153396 LSaCV-3 Potamopyrgus antipodarum, Physella acuta Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153397 LSaCV-4 Chironomus zealandicus Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153398 LSaCV-4 - Sediment 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153399 LSaCV-4 - Water    
Unclassified CRESS DNA virus KP153400 LSaCV-4 Echyridella menziesi Tissue    
Unclassified CRESS DNA virus KP153401 LSaCV-4 Procordulia grayi, Xanthocnemis zealandica Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153402 LSaCV-5 - Sediment    
Unclassified CRESS DNA virus KP153403 LSaCV-6 - Sediment 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153404 LSaCV-7 - Sediment 2013 Lake Sarah (Dayaram et al., 2016) 




Unclassified CRESS DNA virus KP153406 LSaCV-8 - Sediment 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153407 LSaCV-9 - Sediment 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153408 LSaCV-10 - Sediment 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153409 LSaCV-11 Echyridella menziesi Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153410 LSaCV-12 Musculium novazelandiae Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153411 LSaCV-12 Echyridella menziesi Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153412 LSaCV-13 Echyridella menziesi Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153413 LSaCV-13 Chironomus zealandicus Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153414 LSaCV-14 Echyridella menziesi Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153415 LSaCV-14 Musculium novazelandiae Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153416 LSaCV-14 Potamopyrgus antipodarum, Physella acuta Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153417 LSaCV-15 Chironomus zealandicus Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153418 LSaCV-15 Potamopyrgus antipodarum, Physella acuta Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153419 LSaCV-15 Echyridella menziesi Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153420 LSaCV-16 Echyridella menziesi Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153421 LSaCV-16 - Water 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153422 LSaCV-16 Chironomus zealandicus Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153423 LSaCV-16 Potamopyrgus antipodarum, Physella acuta Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153424 LSaCV-17 Echyridella menziesi Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153425 LSaCV-17 Musculium novazelandiae Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153426 LSaCV-17 Chironomus zealandicus Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153427 LSaCV-18 Echyridella menziesi Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153428 LSaCV-18 Potamopyrgus antipodarum, Physella acuta Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153429 LSaCV-19 Echyridella menziesi Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153430 LSaCV-19 - Sediment 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153431 LSaCV-19 Musculium novazelandiae Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153432 LSaCV-19 Potamopyrgus antipodarum, Physella acuta Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153433 LSaCV-19 Procordulia grayi, Xanthocnemis zealandica Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153434 LSaCV-20 Echyridella menziesi Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153435 LSaCV-20 Chironomus zealandicus Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153436 LSaCV-20 Potamopyrgus antipodarum, Physella acuta Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153437 LSaCV-21 Echyridella menziesi Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153438 LSaCV-21 Chironomus zealandicus Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153439 LSaCV-21 - Sediment 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153440 LSaCV-21 Potamopyrgus antipodarum, Physella acuta Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153441 LSaCV-22 Echyridella menziesi Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153442 LSaCV-23 Echyridella menziesi Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153443 LSaCV-24 Echyridella menziesi Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153444 LSaCV-24 Potamopyrgus antipodarum, Physella acuta Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153445 LSaCV-25 Echyridella menziesi Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153446 LSaCV-26 Echyridella menziesi Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153448 DflaCV-3 Potamopyrgus antipodarum, Physella acuta Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153447 DflaCV-3 Procordulia grayi, Xanthocnemis zealandica Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153449 DflaCV-3 Echyridella menziesi Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153450 DflaCV-3 Chironomus zealandicus Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153451 LSaCV-28 Potamopyrgus antipodarum, Physella acuta Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153452 LSaCV-28 Musculium novazelandiae Tissue 2013 Lake Sarah (Dayaram et al., 2016) 




Unclassified CRESS DNA virus KP153454 LSaCV-29 Potamopyrgus antipodarum, Physella acuta Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153455 LSaCV-29 Musculium novazelandiae Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153456 LSaCV-30 - Sediment 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153457 LSaCV-30 Potamopyrgus antipodarum, Physella acuta Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153458 LSaCV-30 Musculium novazelandiae Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153459 LSaCV-31 Potamopyrgus antipodarum, Physella acuta Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153460 LSaCV-31 - Sediment 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153461 LSaCV-31 Musculium novazelandiae Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153462 LSaCV-31 Chironomus zealandicus Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153463 LSaCV-31 Procordulia grayi, Xanthocnemis zealandica Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153464 LSaCV-32 Potamopyrgus antipodarum, Physella acuta Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153465 LSaCV-32 - Sediment 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153466 LSaCV-32 Musculium novazelandiae Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153467 LSaCV-32 Echyridella menziesi Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153468 LSaCV-32 Chironomus zealandicus Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153469 LSaCV-33 Potamopyrgus antipodarum, Physella acuta Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153470 LSaCV-34 Potamopyrgus antipodarum, Physella acuta Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153471 LSaCV-34 - Sediment 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153474 LSaCV-36 Potamopyrgus antipodarum, Physella acuta Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153475 LSaCV-36 Musculium novazelandiae Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153476 LSaCV-37 Potamopyrgus antipodarum, Physella acuta Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153477 LSaCV-37 Echyridella menziesi Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153478 LSaCV-37 Procordulia grayi, Xanthocnemis zealandica Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153479 LSaCV-37 - Sediment 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153480 LSaCV-37 - Water 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153481 LSaCV-37 Chironomus zealandicus Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153482 LSaCV-37 Musculium novazelandiae Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153483 LSaCV-38 Potamopyrgus antipodarum, Physella acuta Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153484 LSaCV-38 Musculium novazelandiae Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153485 LSaCV-39 Potamopyrgus antipodarum, Physella acuta Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153486 LSaCV-39 - Sediment 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153487 LSaCV-39 Procordulia grayi, Xanthocnemis zealandica Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153488 LSaCV-40 Musculium novazelandiae Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153489 LSaCV-40 Potamopyrgus antipodarum, Physella acuta Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153490 LSaCV-35 Musculium novazelandiae Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153491 LSaCV-35 - Sediment 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153492 LSaCV-35 Potamopyrgus antipodarum, Physella acuta Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153493 LSaCV-35 Procordulia grayi, Xanthocnemis zealandica Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153494 LSaCV-41 Musculium novazelandiae Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153495 LSaCV-41 - Sediment 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153496 LSaCV-42 Musculium novazelandiae Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153497 LSaCV-42 Chironomus zealandicus Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153498 LSaCV-42 Procordulia grayi, Xanthocnemis zealandica Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153499 LSaCV-43 Musculium novazelandiae Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153500 LSaCV-44 Musculium novazelandiae Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153501 LSaCV-45 Musculium novazelandiae Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153502 LSaCV-46 - Sediment 2013 Lake Sarah (Dayaram et al., 2016) 




Unclassified CRESS DNA virus KP153504 LSaCV-47 Musculium novazelandiae Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153505 LSaCV-48 Musculium novazelandiae Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153506 LSaCV-48 Echyridella menziesi Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153507 LSaCV-49 Potamopyrgus antipodarum, Physella acuta Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153508 LSaCV-49 - Sediment 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153509 LSaCV-49 Musculium novazelandiae Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153510 LSaCV-49 - Water 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153511 LSaCV-50 Musculium novazelandiae Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153512 LSaCV-50 Potamopyrgus antipodarum, Physella acuta Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153513 LSaCV-50 Echyridella menziesi Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153514 LSaCV-50 Chironomus zealandicus Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153515 LSaCV-50 Procordulia grayi, Xanthocnemis zealandica Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153516 DflaCV-10 Musculium novazelandiae Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153517 DflaCV-10 - Water 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153518 DflaCV-10 - Sediment 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153519 DflaCV-10 Echyridella menziesi Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153520 DflaCV-10 Procordulia grayi, Xanthocnemis zealandica Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153521 DflaCV-10 Potamopyrgus antipodarum, Physella acuta Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153522 LSaCV-51 Echyridella menziesi Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153523 LSaCV-27 - Sediment 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153524 DflaCV-5 - Water 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153525 DflaCV-5 Chironomus zealandicus Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153526 DflaCV-8 - Sediment 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified CRESS DNA virus KP153527 DflaCV-6 Echyridella menziesi Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified circular molecule KJ547617 SaCM-2 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Unclassified circular molecule KJ547618 SaCM-1 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Unclassified circular molecule KJ547619 SaCM-3 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Unclassified circular molecule KM877826 SaCM-4 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Unclassified circular molecule KM877827 SaCM-5 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Unclassified circular molecule KM877828 SaCM-6 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Unclassified circular molecule KM877829 SaCM-7 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Unclassified circular molecule KM877830 SaCM-8 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Unclassified circular molecule KM877831 SaCM-9 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Unclassified circular molecule KM877832 SaCM-10 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Unclassified circular molecule KM877833 SaCM-11 - Sewage 2012 Christchurch (Kraberger et al., 2015a) 
Unclassified circular molecule KP153359 LSaCM-1 Musculium novazelandiae Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified circular molecule KP153360 LSaCM-2 Echyridella menziesi Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified circular molecule KP153361 LSaCM-3 Echyridella menziesi Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified circular molecule KP153362 LSaCM-3 Musculium novazelandiae Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified circular molecule KP153363 LSaCM-4 - Sediment 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified circular molecule KP153364 LSaCM-5 Chironomus zealandicus Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified circular molecule KP153365 LSaCM-5 Musculium novazelandiae Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified circular molecule KP153366 LSaCM-5 Echyridella menziesi Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified circular molecule KP153367 LSaCM-5 Potamopyrgus antipodarum, Physella acuta Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified circular molecule KP153368 LSaCM-6 - Sediment 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified circular molecule KP153369 LSaCM-6 Potamopyrgus antipodarum, Physella acuta Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified circular molecule KP153370 LSaCM-7 - Sediment 2013 Lake Sarah (Dayaram et al., 2016) 




Unclassified circular molecule KP153372 LSaCM-8 Musculium novazelandiae Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified circular molecule KP153373 LSaCM-8 Chironomus zealandicus Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified circular molecule KP153374 LSaCM-8 - Sediment 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified circular molecule KP153375 LSaCM-8 - Water 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified circular molecule KP153376 LSaCM-8 Echyridella menziesi Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified circular molecule KP153377 LSaCM-9 Procordulia grayi, Xanthocnemis zealandica Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified circular molecule KP153378 LSaCM-9 - Sediment 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified circular molecule KP153379 LSaCM-10 Procordulia grayi, Xanthocnemis zealandica Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified circular molecule KP153380 LSaCM-10 Musculium novazelandiae Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified circular molecule KP153381 LSaCM-10 Chironomus zealandicus Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified circular molecule KP153382 LSaCM-10 Potamopyrgus antipodarum, Physella acuta Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified circular molecule KP153383 LSaCM-10 Potamopyrgus antipodarum, Physella acuta Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified circular molecule KP153384 LSaCM-11 - Water 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified circular molecule KP153385 LSaCM-11 Chironomus zealandicus Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified circular molecule KP153386 LSaCM-11 Potamopyrgus antipodarum, Physella acuta Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified circular molecule KP153387 LSaCM-11 Echyridella menziesi Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified circular molecule KP153388 LSaCM-11 - Sediment 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified circular molecule KP153389 LSaCM-11 Musculium novazelandiae Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified circular molecule KP153472 LSaCM-12 Potamopyrgus antipodarum, Physella acuta Tissue 2013 Lake Sarah (Dayaram et al., 2016) 
Unclassified circular molecule KP153473 LSaCM-12 - Water 2013 Lake Sarah (Dayaram et al., 2016) 
AHEaCV: Avon-Heathcote Estuary associated circular virus 
BFDV: Beak and feather disease virus 
BasCV: Bromus-associated circular DNA virus 
CynNCKV: Cyanoramphus nest-associated circular K DNA virus 
CynNCXV: Cyanoramphus nest-associated circular X DNA virus 
DfCyV: Dragonfly cyclovirus 
DflaCV: Dragonfly larvae associated circular virus 
FaGmV: Faecal-associated gemycircularvirus 
FSfaCV: Fur seal feces associated circular DNA virus 
GasCSV: Gastropod-associated circular ssDNA virus 
LSaCM: Lake Sarah-associated circular DNA molecule 
LSaCV: Lake Sarah-associated circular DNA virus 
 
PoSCV: Porcine stool-associated circular virus 
SsHADV-1: Sclerotinia sclerotiorum hypovirulence associated DNA virus 
SaCM: Sewage-associated circular DNA molecule 
SaCV: Sewage-associated circular DNA virus 
SaGmV: Sewage-associated gemycircularvirus 
StCV: Starling circovirus 
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In recent years, innovations in molecular techniques and sequencing technologies have 
resulted in a rapid expansion in the number of known viral sequences, particularly of CRESS 
DNA viruses. CRESS DNA viruses are virome components of many ecosystems and are 
known to infect a wide range of organisms.  A large number of CRESS DNA viruses cannot 
be classified into viral taxa, indicating that the current view of the CRESS DNA viral 
sequence space is greatly underestimated. Animal faecal matter has proven to be a 
particularly useful source for sampling CRESS DNA viruses in an ecosystem, as it is cost-
effective, non-invasive and harbours many potential host species. In this study, a viral 
metagenomic approach was used to explore the diversity of CRESS DNA viruses present in 
the faeces of domestic and wild animals in New Zealand. From 49 individual animal faecal 
samples, 38 complete CRESS DNA viral genomes and two circular molecules that may be 
defective molecules or single components of multicomponent genomes were identified. 
Based on shared genome organisations and sequence similarities, eighteen of the isolates 
were classified as gemycircularviruses and twelve isolates were classified as smacoviruses. 
The remaining eight isolates lack significant sequence similarity with any members of known 
CRESS DNA virus groupings. This research adds significantly to our knowledge of CRESS 







Over the last decade there has been a significant increase in our knowledge of viruses not 
only in diseased organisms but also in non-symptomatic organisms and environmental 
samples through viral metagenomic approaches. Next-generation sequencing-based viral 
metagenomic approaches have enabled the identification of viruses that are unable to be 
cultured using traditional methods (Breitbart et al., 2003). Furthermore, rolling circle 
amplification has enabled the rapid discovery of small circular DNA viruses (Johne et al., 
2009). As a result there has been a significant increase in both known and novel viral 
sequences of circular dsDNA viruses (papillomaviruses, polyomaviruses and hepadnaviruses) 
and ssDNA viruses (anelloviruses, circoviruses, nanoviruses and geminiviruses) that are 
known to infect eukaryotes. Additionally, a large number of CRESS DNA viruses have been 
discovered in a range of sample types. The Reps of CRESS DNA viruses share similarities to 
those of circoviruses, nanoviruses and geminiviruses (Rosario et al., 2012b).  
 
Circoviridae, Geminiviridae and Nanoviridae are the only three CRESS DNA viral families 
that are currently recognised by the ICTV (King et al., 2011; Rosario et al., 2012b). The Rep 
is reasonably well conserved across these three families compared to the CP. Since the Rep 
initiates RCR and has helicase activity, conserved motifs can be identified within the Reps of 
these families (Rosario et al., 2012b). The N-termini of Reps contain the RCR motifs that are 
involved in initiating the RCR mechanism. RCR motif I is crucial in dsDNA binding, RCR 
motif II coordinates divalent metal ions through two highly conserved histadine residues, and 
RCR motif III is proposed to mediate endonuclease activity using coordinated metal ions and 
invariant tyrosine and lysine residues, as reviewed in Rosario et al. (2012b). A fourth 
conserved motif, the geminivirus Rep sequence (GRS), mediates appropriate spatial 
arrangements of RCR motifs II and III and is only found in geminiviruses (Nash et al., 2011) 
and gemycircularviruses (Dayaram et al., 2012; Rosario et al., 2012a). Rep helicase activity 
is mediated by a C-terminal NTP-binding domain in which geminivirus Reps contain 
superfamily 3 (SF3) helicase domains, namely Walker A, Walker B and motif C (Rosario et 
al., 2012b). 
 
Identification of viruses through sampling of animal faecal matter has proved to be a very 
useful approach for the discovery of a wide variety of viral types, in particular CRESS DNA 
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viruses and small dsDNA viruses (Blinkova et al., 2010; Castrignano et al., 2013; Cheung et 
al., 2014a; Cheung et al., 2014b; Cheung et al., 2013; Cheung et al., 2015; Conceicao-Neto 
et al., 2015; Delwart & Li, 2012; Ge et al., 2012; Hansen et al., 2015; Kim et al., 2014; Kim 
et al., 2012; Kraberger et al., 2015a; Li et al., 2010a; Li et al., 2011; Li et al., 2010b; Li et 
al., 2015; Male et al., 2016; Ng et al., 2014; Ng et al., 2012; Phan et al., 2015; Reuter et al., 
2014; Sachsenröder et al., 2014; Sachsenröder et al., 2012; Sasaki et al., 2015; Shan et al., 
2011; Sikorski et al., 2013a; Sikorski et al., 2013b; Sikorski et al., 2013d; van den Brand et 
al., 2012; Varsani et al., 2014a; Varsani et al., 2015; Victoria et al., 2009; Woo et al., 2014; 
Wu et al., 2015; Zhang et al., 2014). The major advantage of faecal sampling for viruses is 
that it is non-invasive to the animal. In addition to faecal matter, CRESS DNA viruses have 
also been identified in leaf samples (Basso et al., 2015; Dayaram et al., 2012; Du et al., 2014; 
Kraberger et al., 2015b; Male et al., 2015; Marzano & Domier, 2015), adult insects (Dayaram 
et al., 2014; Dayaram et al., 2013c; Dayaram et al., 2015b; Garigliany et al., 2015; Ng et al., 
2011b; Padilla-Rodriguez et al., 2013; Pham et al., 2013; Rosario et al., 2012a; Rosario et al., 
2011), air samples (Roux et al., 2013; Whon et al., 2012), fresh water ecosystems (Dayaram 
et al., 2014; Dayaram et al., 2016; Hewson et al., 2013a; Hewson et al., 2013b; Roux et al., 
2012; Smith et al., 2013; Zawar-Reza et al., 2014), marine ecosystems (Angly et al., 2006; 
Breitbart et al., 2015; Dayaram et al., 2015a; Dunlap et al., 2013; Fahsbender et al., 2015; 
Labonté & Suttle, 2013; Ng et al., 2013; Rosario et al., 2009a; Rosario et al., 2009b; Rosario 
et al., 2015a; Soffer et al., 2014; Yoshida et al., 2013), soil (Kim et al., 2008; Reavy et al., 
2015) and wastewater / sewage (Cantalupo et al., 2011; Kraberger et al., 2015a; Ng et al., 
2012; Phan et al., 2015; Rosario et al., 2009; Roux et al., 2013). 
 
A number of CRESS DNA viruses cannot be formally classified into pre-existing viral taxa. 
Clusters of unclassified CRESS DNA viruses sharing similar sequences and genome 
organisations have resulted in the proposal of large, novel CRESS DNA viral groups. The 
number of viruses in these groupings has expanded rapidly in recent years. Studies suggest 
that these groups are diverse and have a broad distribution. 
 
One of the proposed groupings is the gemycircularviruses (Rosario et al., 2012a). 
Gemycircularviruses encode a Rep with similarities to that of the geminiviruses (Yu et al., 
2010). The first gemycircularvirus described, Sclerotinia sclerotiorum hypovirulence-
associated DNA virus 1 (SsHADV-1), was identified from Sclerotinia sclerotiorum isolates 
exhibiting slowed growth and morphology indicative of hypovirulence (Yu et al., 2010). 
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SsHADV-1 isolates have subsequently been recovered from benthic river sediments in New 
Zealand (Kraberger et al., 2013) and dragonfly samples collected in the United States of 
America (Dayaram et al., 2015b) suggesting that SsHADV-1 has a wider global distribution. 
Gemycircularviruses have been identified in insects (Dayaram et al., 2015b; Ng et al., 2011b; 
Rosario et al., 2012a), animal blood, serum and cerebrospinal fluid (Lamberto et al., 2014; Li 
et al., 2015; Phan et al., 2015; Uch et al., 2015), animal cervical, cloacal, pharyngeal and 
rectal swabs (Hanna et al., 2015; van den Brand et al., 2012; Wu et al., 2015), animal and 
human faecal matter (Conceicao-Neto et al., 2015; Male et al., 2016; Ng et al., 2014; Phan et 
al., 2015; Sikorski et al., 2013d), sewage (Kraberger et al., 2015a; Phan et al., 2015) and 
plant material (Dayaram et al., 2012; Du et al., 2014; Kraberger et al., 2015b; Male et al., 
2015; Marzano & Domier, 2015) from various geographical regions. 
 
Another proposed grouping is the smacoviruses. The Reps encoded by smacoviruses are 
phylogenetically distinct from other CRESS DNA virus families and display a high level of 
sequence diversity (Ng et al., 2015). Accordingly, Ng et al. (2015) classified smacovirus 
isolates into one of eleven genogroups. The majority of smacoviruses have been identified in 
human and animal faeces (Blinkova et al., 2010; Cheung et al., 2013; Cheung et al., 2015; 
Kim et al., 2014; Kim et al., 2012; Ng et al., 2015; Reuter et al., 2014; Sachsenröder et al., 
2014; Sachsenröder et al., 2012; Sikorski et al., 2013a; Woo et al., 2014). Additional 
smacoviruses have been identified from a dragonfly sample (Dayaram et al., 2015b) and 
sewage oxidation pond sample (Kraberger et al., 2015a).  
 
In addition, a new Cyclovirus genus (Circoviridae family) has recently emerged (Li et al., 
2011). Cycloviruses encode a Rep most closely related to that of the circoviruses, however, 
cycloviruses cluster within a monophyletic clade, distinct from circoviruses. Cycloviruses 
have been identified in samples collected from dragonflies (Dayaram et al., 2013c; Rosario et 
al., 2012a; Rosario et al., 2011) and a variety of animals (Ge et al., 2011; Li et al., 2011; Li et 
al., 2015; Lima et al., 2015; Male et al., 2016; Sasaki et al., 2015; Sato et al., 2015; Tan et 
al., 2013; Wu et al., 2015; Zawar-Reza et al., 2014). 
 
In a bid to further explore the CRESS DNA viral diversity associated with domestic and wild 
animals in New Zealand, a viral metagenomics study on their faecal matter was conducted. 
This study identified 38 CRESS DNA viruses and two circular molecules from faecal 
samples of Anas platyrhynchos, Bos taurus, Canis lupus familiaris, Dama dama, Equus ferus, 
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Gallus gallus domesticus, Lama glama, Lepus europaeus, Ovis aries, Rupicapra rupicapra, 
Sus scrofa domesticus, Trichosurus vulpecula. All samples were collected on the South Island 
of New Zealand.  
 
 
2.3 Materials and methods 
 
2.3.1 Sample preparation, circular DNA enrichment, Illumina sequencing and viral 
genome recovery 
 
Faecal samples of 49 wild and domestic animals were collected between 2009 and 2013 from 
various sites across the South Island of New Zealand. Approximately five grams of the faecal 
sample was resuspended in SM buffer [0.1M NaCl, 50mM Tris-HCl (pH 7.4), 10mM 
MgSO4] and homogenized. The homogenate was centrifuged at 10000 x g for ten minutes 
and filtered sequentially through 0.45µm and 0.2µm syringe filters (Sartorius Stedim Biotech, 
Germany). The viral particles were precipitated using 15% polyethylene glycol (PEG). 
Following this, the solution was centrifuged at 10000 x g for 10 minutes. The pellet was 
resuspended in 500µl of SM buffer and viral DNA was extracted from 200µl of resuspension 
using the High Pure Viral Nucleic Acid Kit (Roche Diagnostics, USA), according to the 
manufacturer’s instructions. 
 
As this study targeted CRESS DNA viruses, TempliPhiTM (GE Healthcare, USA) was used to 
enrich circular DNA using rolling circle amplification. Enriched DNA from all samples was 
pooled and sequenced on an Illumina HiSeq 2000 sequencer at Beijing Genomics Institute 
(Hong Kong). The resulting pair-end reads were de novo assembled (kmer=64) using ABYSS 
1.5.2 (Simpson et al., 2009). Contigs >500 nts (n=708) were analysed by BLASTx against a 
viral protein database. Of these, 222 contigs were found to have viral hits to CRESS DNA 
viral proteins. Abutting primers were designed based on the contigs to recover complete 
CRESS DNA viral genomes and circular molecules (Table 2.1). These primer pairs were 
used to screen and recover viral genomes from the faecal samples using KAPA HiFi Hotstart 
DNA polymerase (Kapa Biosystems, USA). The amplicons were resolved on a 0.7% agarose 
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Table 2.1: Primer pairs used to recover complete genomes of CRESS DNA viruses and circular molecules from the faecal matter of wild and 
domestic animals collected across New Zealand.  
 
Accession # Virus / molecule Faecal source Faecal source common name  Forward primer Reverse primer 
KT862218 BofSmV-2 Bos taurus Cow 
 
TGCACCGCATCTAGACCAGACTTCTTC TCTTATCTGCCAGTGCTCATAGCCGC 
KT862219 ShfSmV-3 Ovis aries Sheep 
 
TAATACCCTTGATGCCTCGAATACAGGAATC CCGATGATGTCATAGCCTGCAGAATTG 
KT862220 ShfSmV-1 Ovis aries Sheep 
 
GCATCATGGAAATACCCCTGAAGCCC CTGAGCAGACCGGTGTTCCCTC 
KT862221 ShfSmV-2 Ovis aries Sheep 
 
TTGATCGCGATCCGTACCCCTGGTAT ACCCATCTTGTTCAGAGTGGTTGAAAGATC 
KT862222 BofSmV-3 Bos taurus Cow 
 
CAGGAGTTTGTAAGCGGGTTTC TCGGCGGATAGATGGGACGT 
KT862223 BofSmV-1 Bos taurus Cow 
 
GTATCCTCTCCTGTCTGACATCGGTAATG ATGAGAGGACGGAGGTTCCTCATGAC 
KT862224 BofSmV-5 Bos taurus Cow 
 
GTAAAGACAGGCTCAGGAACGG TCCTCAGTACATCCCTAAGTC 
KT862225 PofSmV-1 Sus scrofa domesticus Pig 
 
CTGTTGAGTGTACGCCCTC GAGGCATAGGAACAGGGC 
KT862226 PoSCV Lepus europaeus Hare 
 
AGGTTTCGTTCGAGGCTGGTG GGAGAGGATCTGCGGGAAG 
KT862227 PoSCV Trichosurus vulpecula Common brushtail possum AGGTTTCGTTCGAGGCTGGTG GGAGAGGATCTGCGGGAAG 
KT862228 BofSmV-4 Bos taurus Cow 
 
TACCTCCGGCACAGATCCAAAC ATGTAGTAGCTCACGCTTGCTCATC 
KT862229 BofSmV-6 Bos taurus Cow 
 
CTCCTGGAGCTGAAGACGAC AAGCGATGATAGGATCGACGTTGAATG 
KT862230 BofCV-1 Bos taurus Cow 
 
TACAGATACCTTGAGTACAGGCCG TTCCCTGAGTTCGCTTTCCCAC 
KT862231 DufCV-1 Anas platyrhynchos Duck 
 
GAACAAGCTACAAAGAAGAAGTGT CATGAACAGGTTGAGATCGAAC 
KT862232 DefCV-1 Dama dama Deer 
 
AGGAACTACAATGGCGTCGCCGC GAGCATCCACTTGGAGTGCTCTGTC 
KT862233 DufCV-2 Anas platyrhynchos Duck 
 
ATATTCACTAGTCCACAACATTTCAATGATG GATTGTTTCAGCTAACCATGGTATTCTAC 
KT862234 DufCV-3 Anas platyrhynchos Duck 
 
ATATTCACTAGTCCACAACATTTCAATGATG GATTGTTTCAGCTAACCATGGTATTCTAC 
KT862235 LlfCV-1 Lama glama Llama 
 
ATGTCGAAGAGGAAGATGTG CGTCTAACACCTCTTCGACATAGTTG 
KT862236 ChfCV-1 Rupicapra rupicapra Chamois 
 
CGTCTAACACCTCTTCGACCA ATTCGCCGAATCCAACTCC 
KT862237 BofCV-2 Bos taurus Cow 
 
TTAAGATACCGCAACTCCAAAAG AAATCGATACCATCCCTGATTCC 
KT862238 FaGmV-14 Anas platyrhynchos Duck 
 
CAATTACTCGAGAGCTGGCACC CCCAAAACTCGTCAACACTTG 
KT862239 FaGmV-14 Anas platyrhynchos Duck 
 
CAATTACTCGAGAGCTGGCACC CCCAAAACTCGTCAACACTTG 
KT862240 SaGmV-3 Gallus gallus domesticus Chicken 
 
ACAGAAGTGCCCTTGGTG GTTCATTCACCTCACTCCG 
KT862241 FaGmV-4 Gallus gallus domesticus Chicken 
 
TGTCTTCGTGGAGCATTATCGT CATCTTCGTAAACTCCTCTTCC 
KT862242 FaGmV-17 Gallus gallus domesticus Chicken 
 
TGATGACCCTGCACATCAAAG CCCAAACATCGAGCGATCTA 
KT862243 FaGmV-20 Gallus gallus domesticus Chicken 
 
TGGTGACCATCAACATCGAAG CCCAAACATTTCGCAGTCTCG 
KT862244 FaGmV-20 Lama glama Llama 
 
TGGTGACCATCAACATCGAAG CCCAAACATTTCGCAGTCTCG 
KT862245 FaGmV-21 Lama glama Llama 
 
TGGTAGCCGAGTACATCGAAA CCCAAACATTGAACCTTCTCG 
KT862246 FaGmV-20 Equus ferus Horse 
 
TGGTGACCATCAACATCGAAG CCCAAACATTTCGCAGTCTCG 
KT862247 FaGmV-21 Equus ferus Horse 
 
TGGTAGCCGAGTACATCGAAA CCCAAACATTGAACCTTCTCG 
KT862248 FaGmV-18 Equus ferus Horse 
 
TGCTTGCCTCCGACATCAAA CCCGAACGTTGTGCCATC 
KT862249 FaGmV-16 Ovis aries Sheep 
 
TGCCTACCCTCCACATCGAA CCCAAACGTTGTCCCTTCTAA 
KT862250 FaGmV-19 Sus scrofa domesticus Pig 
 
TGCTTGCCTCCGACATCAAA CCCGAACGTTGTGCCATC 
KT862251 FaGmV-16 Ovis aries Sheep 
 
TGCCTACCCTCCACATCGAA CCCAAACGTTGTCCCTTCTAA 
KT862252 SaGmV-3 Bos taurus Cow 
 
ACAGAAGTGCCCTTGGTG GTTCATTCACCTCACTCCG 
KT862253 FaGmV-22 Bos taurus Cow 
 
TGACGACCGTCGACATCAAAG CCCAAACATCGCGCCATCTT 
KT862254 FaGmV-15 Canis lupus familiaris Dog 
 
CAATTACTCGAGAGCTGGCACC CCCAAAACTCGTCAACACTTG 
KT862255 SaGmV-3 Lepus europaeus Hare 
 
ACAGAAGTGCCCTTGGTG GTTCATTCACCTCACTCCG 
KT862256 PofCM-1 Sus scrofa domesticus Pig 
 
TCCCTTGGTCTCATAACGTCCTGG GGATCAGTACTTATTTACGGACTCAAGAAG 




gel, excised and purified using MEGAquick-spinTM total fragment DNA purification kit 
(iNtRON Biotechnology, South Korea). The gel-purified amplicons were ligated into a 
pJET1.2 vector (Thermo Fisher Scientific, USA) and recombinant plasmids were transformed 
into competent Escherichia coli DH5α cells. Plasmid DNA was purified from positive 
transformants using the DNA-spin plasmid DNA purification kit (iNtRON Biotechnology, 
South Korea) and the purified plasmids were sequenced at Macrogen Inc. (South Korea) by 
primer walking. 
 
2.3.2 Sequence analysis 
 
The complete genomes were assembled from reads generated by Sanger sequencing using 
DNA Baser V4 (Heracle Biosoft S.R.L., Romania). ORFs were identified using ORF Finder 
(http://www.ncbi.nlm.nih.gov/gorf/gorf.html) and BLASTx was used to confirm ORF 
identity in GenBank’s non-redundant database (Altschul et al., 1990). Pairwise identities of 
the full genomes and CP and Rep sequences of CRESS DNA viruses / molecules were 
determined using Sequence Demarcation Tool (SDT) version 1.2 (Muhire et al., 2014).  
 
Genome sequences of all gemycircularviruses (Table 2.2) and smacoviruses (Table 2.3) were 
downloaded from GenBank on the 5th of January 2016. The Rep and CP amino acid 
sequences of gemycircularviruses and smacoviruses, including those from this study, were 
aligned with PROMALS3D (Pie et al., 2008). These alignments were used to infer 
maximum-likelihood phylogenetic trees using PHYML (Guindon et al., 2010) and best fit 
substitution models were determined using ProtTest (Darriba et al., 2011) with approximate 
likelihood branch support (aLRT). The VT+I+G and LG+I+G models were used for the 
gemycircularvirus Rep and CP sequences, respectively. For smacoviruses, the 
Blosum62+I+G+F model of substitution was used for Rep sequences and the LG+I+G+F 
model was used for CP sequences. Branches with less than 80% support were collapsed using 
TreeGraph 2 (Stöver & Müller, 2010).  
 
Both the Rep and CP sequences of CRESS DNA viruses that do not fall within major groups 
were analysed using BLASTp against a viral protein database. The CP of a CRESS DNA 
virus from R. rupicapra faeces was found to be most closely related to those encoded by a 
few RNA-DNA hybrid viruses (Dayaram et al., 2016; Diemer & Stedman, 2012; Krupovic et 
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al., 2015; Roux et al., 2013). The CPs of RNA-DNA hybrid viruses are similar to that of 
members of the Tombusviridae family. CPs of representative tombusviruses and RNA–DNA 
hybrid viruses were aligned using PROMALS3D (Pie et al., 2008). The resulting alignment 
was used to infer a maximum-likelihood phylogenetic tree using PHYML (Guindon et al., 
2010) with substitution model Blosum62+I+G+F chosen as the best model using ProtTest 




Table 2.2: Description of gemycircularviruses identified as of the 5th of January 2016, including isolates recovered in this study. 
 
Accession # Gemycircularviruses description Acronym Country Isolation source Common name Sample type Reference  
GQ365709 Sclerotinia sclerotiorum hypovirulence associated DNA virus 1 SsHADV-1 China Sclerotinia sclerotiorum Sclerotinia sclerotiorum Mycelial samples (Yu et al., 2010) 
HQ335086 Mosquito VEM virus SDBVL G MVemV USA Culex erythrothorax Mosquito Mosquito samples  (Ng et al., 2011b) 
JN704610 Meles meles fecal virus  MmFV Netherlands Meles meles European badger Rectal swab (van den Brand et al., 2012) 
JQ412057 Cassava associated circular DNA virus CasCV Ghana Manihot esculenta Cassava Leaf (Dayaram et al., 2012) 
JX185428 Dragonfly-associated circular virus 3 DfasCV-3  Tonga Pantala flavescens Dragonfly Abdomen (Rosario et al., 2012a) 
JX185429 Dragonfly-associated circular virus 2 DfasCV-2 USA Erythemis simplicicollis Dragonfly Abdomen (Rosario et al., 2012a) 
JX185430 Dragonfly-associated circular virus 1 DfasCV-1 USA Miathyria marcella Dragonfly Abdomen (Rosario et al., 2012a) 
KF268025 Sclerotinia sclerotiorum hypovirulence associated DNA virus 1 SsHADV-1 New Zealand River Sediments - River Sediments (Kraberger et al., 2013) 
KF268026 Sclerotinia sclerotiorum hypovirulence associated DNA virus 1  SsHADV-1 New Zealand River Sediments - River Sediments (Kraberger et al., 2013) 
KF268027 Sclerotinia sclerotiorum hypovirulence associated DNA virus 1 SsHADV-1 New Zealand River Sediments - River Sediments (Kraberger et al., 2013) 
KF268028 Sclerotinia sclerotiorum hypovirulence associated DNA virus 1 SsHADV-1 New Zealand River Sediments - River Sediments (Kraberger et al., 2013) 
KF371630 Faecal-associated gemycircularvirus-12 FaGmV-12 New Zealand Struthio camelus  Ostrich  Faeces (Sikorski et al., 2013d) 
KF371631 Faecal-associated gemycircularvirus-11 FaGmV-11 New Zealand Oryctolagus cuniculus  Rabbit Faeces (Sikorski et al., 2013d) 
KF371632 Faecal-associated gemycircularvirus-10 FaGmV-10 New Zealand Sturnus vulgaris  European starling Faeces (Sikorski et al., 2013d) 
KF371633 Faecal-associated gemycircularvirus-9 FaGmV-9 New Zealand Turdus merula  Blackbird Faeces (Sikorski et al., 2013d) 
KF371634 Faecal-associated gemycircularvirus-8 FaGmV-8 New Zealand Petroica traversi  Chatham Island black robin Faeces (Sikorski et al., 2013d) 
KF371635 Faecal-associated gemycircularvirus-7 FaGmV-7 New Zealand Anas platyrhynchos  Mallard duck Faeces (Sikorski et al., 2013d) 
KF371636 Faecal-associated gemycircularvirus-6 FaGmV-6 New Zealand Gerygone albofrontata  Chatham Island warbler Faeces (Sikorski et al., 2013d) 
KF371637 Faecal-associated gemycircularvirus-5 FaGmV-5 New Zealand Gerygone albofrontata  Chatham Island warbler Faeces (Sikorski et al., 2013d) 
KF371638 Faecal-associated gemycircularvirus-4 FaGmV-4 New Zealand Arctocephalus forsteri  New Zealand fur seal Faeces (Sikorski et al., 2013d) 
KF371639 Faecal-associated gemycircularvirus-3 FaGmV-3 New Zealand Gerygone albofrontata  Chatham Island warbler Faeces (Sikorski et al., 2013d) 
KF371640 Faecal-associated gemycircularvirus-2 FaGmV-2 New Zealand Sus scrofa  Domestic pig Faeces (Sikorski et al., 2013d) 
KF371641 Faecal-associated gemycircularvirus-1c FaGmV-1c New Zealand Turdus merula  Blackbird Faeces (Sikorski et al., 2013d) 
KF371642 Faecal-associated gemycircularvirus-1b FaGmV-1b New Zealand Turdus merula  Blackbird Faeces (Sikorski et al., 2013d) 
KF371643 Faecal-associated gemycircularvirus-1a FaGmV-1a New Zealand Ovis aries  Sheep Faeces (Sikorski et al., 2013d) 
KF413620 Hypericum japonicum associated circular DNA virus HJasCV Vietnam Hypericum japonicum Hypericum Leaf (Du et al., 2014) 
KJ413144 Human genital-associated circular DNA virus-1 HuGaGmC349 South Africa Homo sapiens  Human Cervical sample Unpublished 
KJ547634 Sewage-associated gemycircularvirus-4  SaGmV-4 New Zealand Sewage oxidation pond - Sewage (Kraberger et al., 2015a) 
KJ547635 Sewage-associated gemycircularvirus-5  SaGmV-5 New Zealand Sewage oxidation pond - Sewage (Kraberger et al., 2015a) 
KJ547636 Sewage-associated gemycircularvirus-6 SaGmV-6 New Zealand Sewage oxidation pond - Sewage (Kraberger et al., 2015a) 
KJ547637 Sewage-associated gemycircularvirus-7a SaGmV-7a New Zealand Sewage oxidation pond - Sewage (Kraberger et al., 2015a) 
KJ547638 Sewage-associated gemycircularvirus-8  SaGmV-8 New Zealand Sewage oxidation pond - Sewage (Kraberger et al., 2015a) 
KJ547639 Sewage-associated gemycircularvirus-9  SaGmV-9 New Zealand Sewage oxidation pond - Sewage (Kraberger et al., 2015a) 
KJ547640 Sewage-associated gemycircularvirus-7b  SaGmV-7b New Zealand Sewage oxidation pond - Sewage (Kraberger et al., 2015a) 
KJ547641 Sewage-associated gemycircularvirus-11  SaGmV-11 New Zealand Sewage oxidation pond - Sewage (Kraberger et al., 2015a) 
KJ547642 Sewage-associated gemycircularvirus-2 SaGmV-2 New Zealand Sewage oxidation pond - Sewage (Kraberger et al., 2015a) 
KJ547643 Sewage-associated gemycircularvirus-3  SaGmV-3 New Zealand Sewage oxidation pond - Sewage (Kraberger et al., 2015a) 
KJ547644 Sewage-associated gemycircularvirus-10a SaGmV-10a New Zealand Sewage oxidation pond - Sewage (Kraberger et al., 2015a) 
KJ547645 Sewage-associated gemycircularvirus-10b  SaGmV-10b New Zealand Sewage oxidation pond - Sewage (Kraberger et al., 2015a) 
KJ641719 Bat gemycircularvirus 23 GD2012 BtMf-CV-23 GD2012 China Miniopterus fuliginosus Bat Pharyngeal & rectal swabs (Wu et al., 2015) 
KJ641726 Bat gemycircularvirus 8 NM2013 BtRf-CV-8 NM2013 China Rhinolophus ferrumequinum Bat Pharyngeal & rectal swabs (Wu et al., 2015) 
KJ641737 Bat gemycircularvirus Tibet2013 BtRh-CV-6 Tibet2013 China Rhinolophus hipposideros Bat Pharyngeal & rectal swabs (Wu et al., 2015) 
KJ938717 Caribou feces-associated gemycircularvirus FaGmV-13 Canada Rangifer tarandus Caribou Faeces (Ng et al., 2014) 
KM510192 Bromus-associated circular DNA virus 3  BasCV-3 New Zealand Bromus hordeaceus Soft brome / Bull grass Leaf (Kraberger et al., 2015b) 
KM598382 Sclerotinia sclerotiorum hypovirulence associated DNA virus 1  SsHADV-1 USA Ischnura ramburii Damselfly Abdomen (Dayaram et al., 2015b) 
KM598383 Sclerotinia sclerotiorum hypovirulence associated DNA virus 1 SsHADV-1 USA Erythemis simplicicollis Dragonfly Abdomen (Dayaram et al., 2015b) 
KM598384 Sclerotinia sclerotiorum hypovirulence associated DNA virus 1 SsHADV-1 USA Pantala hymenaea Dragonfly Abdomen (Dayaram et al., 2015b) 
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KM598385 Odonata associated gemycircularvirus-1 OdaGmV-1 USA Ischnura posita Damselfly Abdomen (Dayaram et al., 2015b) 
KM598386 Odonata associated gemycircularvirus-1 OdaGmV-1 USA Pantala hymenaea Dragonfly Abdomen (Dayaram et al., 2015b) 
KM598387 Odonata associated gemycircularvirus-2  OdaGmV-2 USA Aeshna multicolor Dragonfly Abdomen (Dayaram et al., 2015b) 
KM598388 Odonata associated gemycircularvirus-2  OdaGmV-2 USA Libellula saturata Dragonfly Abdomen (Dayaram et al., 2015b) 
KM821747 Sewage-associated gemycircularvirus-1  SaGmV-1 New Zealand Sewage oxidation pond - Sewage (Kraberger et al., 2015a) 
KP133075 Gemycircularvirus SL1 GemyCV-SL1 Sri Lanka Homo sapiens  Human Cerebrospinal fluid (Phan et al., 2015) 
KP133076 Gemycircularvirus SL2 GemyCV-SL2 Sri Lanka Homo sapiens  Human Cerebrospinal fluid (Phan et al., 2015) 
KP133077 Gemycircularvirus SL3 GemyCV-SL3 Sri Lanka Homo sapiens  Human Cerebrospinal fluid (Phan et al., 2015) 
KP133078 Gemycircularvirus BZ1 GemyCV-BZ1 Brazil Homo sapiens  Human Faeces (Phan et al., 2015) 
KP133079 Gemycircularvirus BZ2 GemyCV-BZ2 Brazil Homo sapiens  Human Faeces (Phan et al., 2015) 
KP133080 Gemycircularvirus NP GemyCV-NP Nepal Untreated sewage - Sewage (Phan et al., 2015) 
KP263543 Badger faeces-associated gemycircularvirus BafaGM588 Portugal Meles meles European badger Faeces (Conceicao-Neto et al., 2015) 
KP263544 Mongoose feces-associated gemycircularvirus a  MoFaGmV181a Portugal Herpestes ichneumon Egyptian mongoose Faeces (Conceicao-Neto et al., 2015) 
KP263545 Mongoose feces-associated gemycircularvirus b MoFaGmV160b Portugal Herpestes ichneumon Egyptian mongoose Faeces (Conceicao-Neto et al., 2015) 
KP263546 Mongoose feces-associated gemycircularvirus c MoFaGmV541c Portugal Herpestes ichneumon Egyptian mongoose Faeces (Conceicao-Neto et al., 2015) 
KP263547 Mongoose feces-associated gemycircularvirus d  MoFaGmV478d Portugal Herpestes ichneumon Egyptian mongoose Faeces (Conceicao-Neto et al., 2015) 
KP987887 Gemycircularvirus C1c C1c France Homo sapiens Human Plasma (Uch et al., 2015) 
KR912221 Gemycircularvirus gemy-ch-rat1 Gemy-ch-rat1 China Rattus norvegicus Rat Blood (Li et al., 2015) 
KT253577 Poaceae associated gemycircularvirus-1 PaGmV-1 Tonga Brachiaria deflexa Signalgrass Leaf (Male et al., 2015) 
KT253578 Poaceae associated gemycircularvirus-1 PaGmV-1 Tonga Brachiaria deflexa Signalgrass Leaf (Male et al., 2015) 
KT253579 Poaceae associated gemycircularvirus-1 PaGmV-1 Tonga Saccharum hybrid Sugarcane Leaf (Male et al., 2015) 
KT309029 Poecile atricapillus GI tract-associated gemycircularvirus  Gitract USA Poecile atricapillus  Black-capped chickadee Buccal and cloacal swab (Hanna et al., 2015) 
KT598248 Soybean leaf-associated gemycircularvirus 1 SlaGemV1 USA Glycine max Soybean Leaf (Marzano & Domier, 2015) 
KT732790 Pacific flying fox faeces associated gemycircularvirus-1 PfffaGmV-1 Tonga Pteropus tonganus Bat Faeces  (Male et al., 2016) 
KT732791 Pacific flying fox faeces associated gemycircularvirus-1 PfffaGmV-1 Tonga Pteropus tonganus Bat Faeces  (Male et al., 2016) 
KT732792 Pacific flying fox faeces associated gemycircularvirus-2 PfffaGmV-2 Tonga Pteropus tonganus Bat Faeces  (Male et al., 2016) 
KT732793 Pacific flying fox faeces associated gemycircularvirus-2 PfffaGmV-2 Tonga Pteropus tonganus Bat Faeces  (Male et al., 2016) 
KT732794 Pacific flying fox faeces associated gemycircularvirus-3 PfffaGmV-3 Tonga Pteropus tonganus Bat Faeces  (Male et al., 2016) 
KT732795 Pacific flying fox faeces associated gemycircularvirus-4 PfffaGmV-4 Tonga Pteropus tonganus Bat Faeces  (Male et al., 2016) 
KT732796 Pacific flying fox faeces associated gemycircularvirus-4 PfffaGmV-4 Tonga Pteropus tonganus Bat Faeces  (Male et al., 2016) 
KT732797 Pacific flying fox faeces associated gemycircularvirus-5 PfffaGmV-5 Tonga Pteropus tonganus Bat Faeces  (Male et al., 2016) 
KT732798 Pacific flying fox faeces associated gemycircularvirus-6 PfffaGmV-6 Tonga Pteropus tonganus Bat Faeces  (Male et al., 2016) 
KT732799 Pacific flying fox faeces associated gemycircularvirus-6 PfffaGmV-6 Tonga Pteropus tonganus Bat Faeces  (Male et al., 2016) 
KT732800 Pacific flying fox faeces associated gemycircularvirus-7 PfffaGmV-7 Tonga Pteropus tonganus Bat Faeces  (Male et al., 2016) 
KT732801 Pacific flying fox faeces associated gemycircularvirus-8 PfffaGmV-8 Tonga Pteropus tonganus Bat Faeces  (Male et al., 2016) 
KT732802 Pacific flying fox faeces associated gemycircularvirus-8 PfffaGmV-8 Tonga Pteropus tonganus Bat Faeces  (Male et al., 2016) 
KT732803 Pacific flying fox faeces associated gemycircularvirus-9 PfffaGmV-9 Tonga Pteropus tonganus Bat Faeces  (Male et al., 2016) 
KT732804 Pacific flying fox faeces associated gemycircularvirus-10 PfffaGmV-10 Tonga Pteropus tonganus Bat Faeces  (Male et al., 2016) 
KT732805 Pacific flying fox faeces associated gemycircularvirus-10 PfffaGmV-10 Tonga Pteropus tonganus Bat Faeces  (Male et al., 2016) 
KT732807 Pacific flying fox faeces associated gemycircularvirus-11 PfffaGmV-11 Tonga Pteropus tonganus Bat Faeces  (Male et al., 2016) 
KT732808 Pacific flying fox faeces associated gemycircularvirus-11 PfffaGmV-11 Tonga Pteropus tonganus Bat Faeces  (Male et al., 2016) 
KT732809 Pacific flying fox faeces associated gemycircularvirus-11 PfffaGmV-11 Tonga Pteropus tonganus Bat Faeces  (Male et al., 2016) 
KT732810 Pacific flying fox faeces associated gemycircularvirus-11 PfffaGmV-11 Tonga Pteropus tonganus Bat Faeces  (Male et al., 2016) 
KT732811 Pacific flying fox faeces associated gemycircularvirus-11 PfffaGmV-11 Tonga Pteropus tonganus Bat Faeces  (Male et al., 2016) 
KT732812 Pacific flying fox faeces associated gemycircularvirus-11 PfffaGmV-11 Tonga Pteropus tonganus Bat Faeces  (Male et al., 2016) 
KT732813 Pacific flying fox faeces associated gemycircularvirus-12 PfffaGmV-12 Tonga Pteropus tonganus Bat Faeces  (Male et al., 2016) 
KT732814 Pacific flying fox faeces associated gemycircularvirus-13 PfffaGmV-13 Tonga Pteropus tonganus Bat Faeces  (Male et al., 2016) 
KT732806 Pacific flying fox faeces associated gemycircularvirus-14 PfffaGmV-14 Tonga Pteropus tonganus Bat Faeces  (Male et al., 2016) 
KT862238 Faecal-associated gemycircularvirus-14 FaGmV-14 New Zealand Anas platyrhynchos Duck Faeces This study 
KT862239 Faecal-associated gemycircularvirus-14 FaGmV-14 New Zealand Anas platyrhynchos Duck Faeces This study 
KT862240 Sewage-associated gemycircularvirus-3 SaGmV-3 New Zealand Gallus gallus domesticus Chicken Faeces This study 
KT862241 Faecal-associated gemycircularvirus-4 FaGmV-4 New Zealand Gallus gallus domesticus Chicken Faeces This study 
KT862242 Faecal-associated gemycircularvirus-17 FaGmV-17 New Zealand Gallus gallus domesticus Chicken Faeces This study 
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KT862243 Faecal-associated gemycircularvirus-20 FaGmV-20 New Zealand Gallus gallus domesticus Chicken Faeces This study 
KT862244 Faecal-associated gemycircularvirus-20 FaGmV-20 New Zealand Lama glama Llama Faeces This study 
KT862245 Faecal-associated gemycircularvirus-21 FaGmV-21 New Zealand Lama glama Llama Faeces This study 
KT862246 Faecal-associated gemycircularvirus-20 FaGmV-20 New Zealand Equus ferus caballus Horse Faeces This study 
KT862247 Faecal-associated gemycircularvirus-21 FaGmV-21 New Zealand Equus ferus caballus Horse Faeces This study 
KT862248 Faecal-associated gemycircularvirus-18 FaGmV-18 New Zealand Equus ferus caballus Horse Faeces This study 
KT862249 Faecal-associated gemycircularvirus-16 FaGmV-16 New Zealand Ovis aries Sheep Faeces This study 
KT862250 Faecal-associated gemycircularvirus-19 FaGmV-19 New Zealand Sus scrofa domesticus Pig Faeces This study 
KT862251 Faecal-associated gemycircularvirus-16 FaGmV-16 New Zealand Ovis aries Sheep Faeces This study 
KT862252 Sewage-associated gemycircularvirus-3 SaGmV-3 New Zealand Bos taurus Cow Faeces This study 
KT862253 Faecal-associated gemycircularvirus-22 FaGmV-22 New Zealand Bos taurus Cow Faeces This study 
KT862254 Faecal-associated gemycircularvirus-15 FaGmV-15 New Zealand Canis lupus familiaris Dog Faeces This study 
KT862255 Sewage-associated gemycircularvirus-3 SaGmV-3 New Zealand Lepus europaeus Hare Faeces This study 
LK931483 HCBI8.215 virus HCBI8_215 Germany Bos taurus Cow Serum (Lamberto et al., 2014) 
LK931484 HCBI9.212 virus HCBI9_212 Germany Bos taurus Cow Serum (Lamberto et al., 2014) 
LK931485 MSSI2.225 virus  MSSI2_225 Germany Homo sapiens  Human Blood (Lamberto et al., 2014) 
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Table 2.3: Description of smacoviruses identified as of the 5th of January 2016, including isolates recovered in this study. 
 
Accession # Smacovirus description Acronym Clade grouping Genome type Country Faecal source Common name Reference 
GQ351272 Chimpanzee stool associated circular ssDNA virus ChiSCV IX Bidirectional Cameroon Pan troglodytes Chimpanzee (Blinkova et al., 2010) 
GQ351273 Chimpanzee stool associated circular ssDNA virus ChiSCV IX Bidirectional Tanzania Pan troglodytes Chimpanzee (Blinkova et al., 2010) 
GQ351274 Chimpanzee stool associated circular ssDNA virus ChiSCV IX Bidirectional Tanzania Pan troglodytes Chimpanzee (Blinkova et al., 2010) 
GQ351275 Chimpanzee stool associated circular ssDNA virus ChiSCV IX Bidirectional Tanzania Pan troglodytes Chimpanzee (Blinkova et al., 2010) 
GQ351276 Chimpanzee stool associated circular ssDNA virus ChiSCV IX Bidirectional Tanzania Pan troglodytes Chimpanzee (Blinkova et al., 2010) 
GQ351277 Chimpanzee stool associated circular ssDNA virus ChiSCV IX Bidirectional Tanzania Pan troglodytes Chimpanzee (Blinkova et al., 2010) 
JN634851 Bovine stool-associated circular virus BoSCV III Bidirectional South Korea Bos taurus Cow (Kim et al., 2012) 
JQ023166 Pig stool associated circular ssDNA virus PigSCV II Unidirectional Germany Sus scrofa domesticus Pig (Sachsenröder et al., 2012) 
JX274036 Porcine stool-associated circular virus PoSCV XI Bidirectional New Zealand Sus scrofa domesticus Pig (Sikorski et al., 2013a) 
JX305991 Pig stool associated circular ssDNA virus PigSCV II Unidirectional China Sus scrofa domesticus Pig Unpublished 
JX305992 Pig stool associated circular ssDNA virus PigSCV II Unidirectional China Sus scrofa domesticus Pig Unpublished 
JX305993 Pig stool associated circular ssDNA virus PigSCV II Unidirectional China Sus scrofa domesticus Pig Unpublished 
JX305994 Pig stool associated circular ssDNA virus PigSCV II Unidirectional China Sus scrofa domesticus Pig Unpublished 
JX305995 Pig stool associated circular ssDNA virus PigSCV II Unidirectional China Sus scrofa domesticus Pig Unpublished 
JX305996 Pig stool associated circular ssDNA virus PigSCV II Unidirectional China Sus scrofa domesticus Pig Unpublished 
JX305997 Pig stool associated circular ssDNA virus PigSCV II Unidirectional China Sus scrofa domesticus Pig Unpublished 
JX305998 Pig stool associated circular ssDNA virus PigSCV II Unidirectional China Sus scrofa domesticus Pig Unpublished 
KC545226 Porcine stool-associated circular virus-2 PoSCV-2 VI Bidirectional USA Sus scrofa domesticus Pig (Cheung et al., 2013) 
KC545227 Porcine stool-associated circular virus-3 PoSCV-3 VI Bidirectional USA Sus scrofa domesticus Pig (Cheung et al., 2013) 
KC545228 Porcine stool-associated circular virus-3 PoSCV-3 VI Bidirectional USA Sus scrofa domesticus Pig (Cheung et al., 2013) 
KC545229 Porcine stool-associated circular virus-3 PoSCV-3 VI Bidirectional USA Sus scrofa domesticus Pig (Cheung et al., 2013) 
KC545230 Porcine stool-associated circular virus-3 PoSCV-3 VI Bidirectional USA Sus scrofa domesticus Pig (Cheung et al., 2013) 
KF193403 Pig stool associated circular ssDNA virus PoSCV XI Bidirectional South Korea Sus scrofa domesticus Pig (Kim et al., 2014) 
KF880727 Turkey stool associated circular ssDNA virus TuSCV XI Bidirectional Hungary Meleagris gallopavo Turkey (Reuter et al., 2014) 
KJ547633 Sewage-associated circular virus-9 SaCV-9 II Unidirectional New Zealand Sewage Sewage (Kraberger et al., 2015a) 
KJ577810 Porcine stool-associated circular virus-1 PoSCV-1 XI Bidirectional USA Sus scrofa domesticus Pig (Cheung et al., 2015) 
KJ577811 Porcine stool-associated circular virus-1 PoSCV-1 XI Bidirectional USA Sus scrofa domesticus Pig (Cheung et al., 2015) 
KJ577812 Porcine stool-associated circular virus-7 PoSCV-7 VII Bidirectional USA Sus scrofa domesticus Pig (Cheung et al., 2015) 
KJ577813 Porcine stool-associated circular virus-7 PoSCV-7 VII Bidirectional USA Sus scrofa domesticus Pig (Cheung et al., 2015) 
KJ577814 Porcine stool-associated circular virus-7 PoSCV-7 VII Bidirectional USA Sus scrofa domesticus Pig (Cheung et al., 2015) 
KJ577815 Porcine stool-associated circular virus-7 PoSCV-7 VII Bidirectional USA Sus scrofa domesticus Pig (Cheung et al., 2015) 
KJ577816 Porcine stool-associated circular virus-9 PoSCV-9 IV Bidirectional USA Sus scrofa domesticus Pig (Cheung et al., 2015) 
KJ577817 Porcine stool-associated circular virus-8 PoSCV-8 V Bidirectional USA Sus scrofa domesticus Pig (Cheung et al., 2015) 
KJ577818 Porcine stool-associated circular virus-2 PoSCV-2 VI Bidirectional USA Sus scrofa domesticus Pig (Cheung et al., 2015) 
KJ577819 Porcine stool-associated circular virus-6 PoSCV-6 VIII Bidirectional USA Sus scrofa domesticus Pig (Cheung et al., 2015) 
KM573769 Dromedary stool-associated circular ssDNA virus DcSCV XII Bidirectional UAE Camelus dromedarius Dromedary camel (Woo et al., 2014) 
KM573770 Dromedary stool-associated circular ssDNA virus DcSCV XXI Bidirectional UAE Camelus dromedarius Dromedary camel (Woo et al., 2014) 
KM573771 Dromedary stool-associated circular ssDNA virus DcSCV XVIII Bidirectional UAE Camelus dromedarius Dromedary camel (Woo et al., 2014) 
KM573772 Dromedary stool-associated circular ssDNA virus DcSCV XXII Bidirectional UAE Camelus dromedarius Dromedary camel (Woo et al., 2014) 
KM573774 Dromedary stool-associated circular ssDNA virus DcSCV XII Bidirectional UAE Camelus dromedarius Dromedary camel (Woo et al., 2014) 
KM573775 Dromedary stool-associated circular ssDNA virus DcSCV XVIII Bidirectional UAE Camelus dromedarius Dromedary camel (Woo et al., 2014) 
KM598409 Odonata-associated circular virus-21 OdasCV-21 XVI Bidirectional USA Erythrodiplax fusca Dragonfly (Dayaram et al., 2015b) 
KP233174 Human smacovirus-1 HuSCV-1 I Bidirectional France Homo sapiens Human (Ng et al., 2015) 
KP233175 Human smacovirus-1 HuSCV-1 I Bidirectional France Homo sapiens Human (Ng et al., 2015) 
KP233176 Human smacovirus-1 HuSCV-1 I Bidirectional France Homo sapiens Human (Ng et al., 2015) 
KP233177 Human smacovirus-1 HuSCV-1 I Bidirectional France Homo sapiens Human (Ng et al., 2015) 
KP233178 Human smacovirus-1 HuSCV-1 I Bidirectional France Homo sapiens Human (Ng et al., 2015) 
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KP233179 Human smacovirus-1 HuSCV-1 I Bidirectional France Homo sapiens Human (Ng et al., 2015) 
KP233180 Human smacovirus-1 HuSCV-1 I Bidirectional USA Homo sapiens Human (Ng et al., 2015) 
KP233181 Human smacovirus-1 HuSCV-1 I Bidirectional USA Homo sapiens Human (Ng et al., 2015) 
KP233182 Human smacovirus-1 HuSCV-1 I Bidirectional USA Homo sapiens Human (Ng et al., 2015) 
KP233183 Human smacovirus-1 HuSCV-1 I Bidirectional USA Homo sapiens Human (Ng et al., 2015) 
KP233184 Human smacovirus-1 HuSCV-1 I Bidirectional USA Homo sapiens Human (Ng et al., 2015) 
KP233185 Human smacovirus-1 HuSCV-1 I Bidirectional USA Homo sapiens Human (Ng et al., 2015) 
KP233186 Human smacovirus-1 HuSCV-1 I Bidirectional USA Homo sapiens Human (Ng et al., 2015) 
KP233187 Human smacovirus-1 HuSCV-1 I Bidirectional USA Homo sapiens Human (Ng et al., 2015) 
KP233188 Human smacovirus-1 HuSCV-1 I Bidirectional USA Homo sapiens Human (Ng et al., 2015) 
KP233189 Black howler monkey smacovirus BhmSCV XI Bidirectional USA Alouatta caraya Black howler monkey  (Ng et al., 2015) 
KP233190 Chimpanzee stool associated circular ssDNA virus ChiSCV XI Bidirectional USA Pan troglodytes Chimpanzee (Ng et al., 2015) 
KP233191 Gorilla smacovirus GoSCV VII Bidirectional USA Gorilla gorilla Gorilla (Ng et al., 2015) 
KP233192 Gorilla smacovirus GoSCV VII Bidirectional USA Gorilla gorilla Gorilla (Ng et al., 2015) 
KP233193 Human smacovirus-1 HuSCV-1 I Bidirectional USA Homo sapiens Human (Ng et al., 2015) 
KP233194 Lemur smacovirus LeSCV X Bidirectional USA Lemur catta Lemur (Ng et al., 2015) 
KP264964 Human smacovirus-1 HuSCV-1 I Bidirectional France Homo sapiens Human (Ng et al., 2015) 
KP264965 Human smacovirus-1 HuSCV-1 I Bidirectional France Homo sapiens Human (Ng et al., 2015) 
KP264966 Human smacovirus-1 HuSCV-1 I Bidirectional France Homo sapiens Human (Ng et al., 2015) 
KP264967 Human smacovirus-1 HuSCV-1 I Bidirectional France Homo sapiens Human (Ng et al., 2015) 
KP264968 Human smacovirus-1 HuSCV-1 I Bidirectional France Homo sapiens Human (Ng et al., 2015) 
KP264969 Human smacovirus-1 HuSCV-1 I Bidirectional France Homo sapiens Human (Ng et al., 2015) 
KP860906 Rat stool-associated circular ssDNA virus RsaCV VIII Bidirectional Germany Rattus norvegicus * Rat (Sachsenröder et al., 2014) 
KP860907 Rat stool-associated circular ssDNA virus RsaCV VIII Bidirectional Germany Rattus norvegicus * Rat (Sachsenröder et al., 2014) 
KP860908 Rat stool-associated circular ssDNA virus RsaCV VIII Bidirectional Germany Rattus norvegicus * Rat (Sachsenröder et al., 2014) 
KT862218 Bovine faeces associated smacovirus -2 BofSmV-2 XXII Bidirectional New Zealand Bos taurus Cow This study 
KT862219 Sheep faeces associated smacovirus -3 ShfSmV-3 XVII Bidirectional New Zealand Ovis aries Sheep This study 
KT862220 Sheep faeces associated smacovirus -1 ShfSmV-1 XIX Bidirectional New Zealand Ovis aries Sheep This study 
KT862221 Sheep faeces associated smacovirus -2 ShfSmV-2 XXIII Bidirectional New Zealand Ovis aries Sheep This study 
KT862222 Bovine faeces associated smacovirus -3 BofSmV-3 III Bidirectional New Zealand Bos taurus Cow This study 
KT862223 Bovine faeces associated smacovirus -1 BofSmV-1 XIII Bidirectional New Zealand Bos taurus Cow This study 
KT862224 Bovine faeces associated smacovirus -5 BofSmV-5 XII Bidirectional New Zealand Bos taurus Cow This study 
KT862225 Porcine faeces associated smacovirus -1 PofSmV-1 XX Bidirectional New Zealand Sus scrofa domesticus Pig This study 
KT862226 Porcine stool-associated circular virus PoSCV XI Bidirectional New Zealand Lepus europaeus Hare This study 
KT862227 Porcine stool-associated circular virus PoSCV XI Bidirectional New Zealand Trichosurus vulpecula Common brushtail possum This study 
KT862228 Bovine faeces associated smacovirus -4 BofSmV-4 XV Bidirectional New Zealand Bos taurus Cow This study 
KT862229 Bovine faeces associated smacovirus -6 BofSmV-6 XIV Bidirectional New Zealand Bos taurus Cow This study 
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2.4 Results and discussion 
 
2.4.1 Identification and classification of CRESS DNA viruses 
 
A viral metagenomics study of animal faecal samples (n=49) collected from both wild and 
domestic animals between 2009 and 2013 was conducted to explore the diversity of CRESS 
DNA viruses on the South Island of New Zealand. Through analysis of de novo assembled 
contigs of the Illumina sequencing paired-end reads, 708 contigs were identified that were 
larger than 500nts and had viral-like hits in GenBank’s non-redundant database. Of these, 
31% were found to have to CRESS DNA virus-like sequences.  
 
Abutting primers were designed to recover putative viral circular DNA molecules from the 
animal faecal samples (Table 2.1). As part of this study, 40 CRESS DNA molecules (Figure 
2.1; Table 2.4) were recovered from nineteen faecal samples (R. rupicapra, n=1; G. gallus 
domesticus n=1; T. vulpecula, n=1; B. taurus, n=4; D. dama, n=1; C. lupus familiaris, n=1; A. 
platyrhynchos, n=3; L. europaeus, n=1; E. ferus, n=1; L. glama, n=1; S. scrofa domesticus, 
n=2; O. aries, n=2). From seven samples only one CRESS DNA virus was identified, 
however, in the remaining samples two - four CRESS DNA viruses were identified (Figure 
2.1; Table 2.4).  
 
Two of the molecules identified are small (1280 and 1274nts) and have one large ORF that 
encodes the Rep. The remaining 38 circular molecules (1845 – 3060nts) encode at least two 
large ORFs, both with similarities to Reps and CPs encoded by other CRESS DNA viruses. 
These 38 CRESS DNA viruses have been grouped into gemycircularviruses (n=18), 
smacoviruses (n=12) and unclassified CRESS DNA viruses (n=8) (Figure 2.1; Table 2.4).   
 
The genome organisation of CRESS DNA viruses differs with respect to ORF orientation, 
position of the stem-loop relative to the ORFs and orientation of the origin of replication 
relative to the Rep ORF (Rosario et al., 2012b). A classification scheme described by Rosario 
et al. (2012b) classifies CRESS DNA virus genomes into one of eight groups based on these 
characteristics (Table 1.2). All gemycircularviruses identified in this study have a type II 
genome architecture, while the smacoviruses have a type IV genome organisation
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Figure 2.1: Summary of CRESS DNA viruses and circular molecules recovered in the present study from wild and domestic animal faecal 













































































































































































































































































































































































































Table 2.4: Grouping of CRESS DNA viruses recovered in this study as gemycircularviruses, smacoviruses, unclassified CRESS DNA viruses 
and circular molecules. 
 
Grouping Accession # Virus / circular molecule Acronym Faecal source Faecal source common name Sampling year 
Gemycircularviruses KT862238 Faeces associated gemycircularvirus-14 FaGmV-14 Anas platyrhynchos Duck 2012 
 KT862239 Faeces associated gemycircularvirus-14 FaGmV-14 Anas platyrhynchos Duck 2012 
 KT862240 Sewage associated gemycircularvirus-3 SaGmV-3 Gallus gallus domesticus Chicken 2012 
 KT862241 Faeces associated gemycircularvirus-4 FaGmV-4 Gallus gallus domesticus Chicken 2012 
 KT862242 Faeces associated gemycircularvirus-17 FaGmV-17 Gallus gallus domesticus Chicken 2012 
 KT862243 Faeces associated gemycircularvirus-20 FaGmV-20 Gallus gallus domesticus Chicken 2012 
 KT862244 Faeces associated gemycircularvirus-20 FaGmV-20 Lama glama Llama 2012 
 KT862245 Faeces associated gemycircularvirus-21 FaGmV-21 Lama glama Llama 2012 
 KT862246 Faeces associated gemycircularvirus-20 FaGmV-20 Equus ferus Horse 2012 
 KT862247 Faeces associated gemycircularvirus-21 FaGmV-21 Equus ferus Horse 2012 
 KT862248 Faeces associated gemycircularvirus-18 FaGmV-18 Equus ferus Horse 2012 
 KT862249 Faeces associated gemycircularvirus-16 FaGmV-16 Ovis aries Sheep 2012 
 KT862250 Faeces associated gemycircularvirus-19 FaGmV-19 Sus scrofa domesticus Pig 2012 
 KT862251 Faeces associated gemycircularvirus-16 FaGmV-16 Ovis aries Sheep 2012 
 KT862252 Sewage associated gemycircularvirus-3 SaGmV-3 Bos taurus Cow 2012 
 KT862253 Faeces associated gemycircularvirus-22 FaGmV-22 Bos taurus Cow 2012 
 KT862254 Faeces associated gemycircularvirus-15 FaGmV-15 Canis lupus familiaris Dog 2012 
 KT862255 Sewage associated gemycircularvirus-3 SaGmV-3 Lepus europaeus Hare 2011 
Smacoviruses KT862218 Bovine faeces associated smacovirus -2 BofSmV-2 Bos taurus Cow 2012 
 KT862219 Sheep faeces associated smacovirus -3 ShfSmV-3 Ovis aries Sheep 2012 
 KT862220 Sheep faeces associated smacovirus -1 ShfSmV-1 Ovis aries Sheep 2012 
 KT862221 Sheep faeces associated smacovirus -2 ShfSmV-2 Ovis aries Sheep 2012 
 KT862222 Bovine faeces associated smacovirus -3 BofSmV-3 Bos taurus Cow 2012 
 KT862223 Bovine faeces associated smacovirus -1 BofSmV-1 Bos taurus Cow 2012 
 KT862224 Bovine faeces associated smacovirus -5 BofSmV-5 Bos taurus Cow 2012 
 KT862225 Porcine faeces associated smacovirus -1 PofSmV-1 Sus scrofa domesticus Pig 2012 
 KT862226 Porcine stool-associated circular virus PoSCV Lepus europaeus Hare 2011 
 KT862227 Porcine stool-associated circular virus PoSCV Trichosurus vulpecula Common brushtail possum 2011 
 KT862228 Bovine faeces associated smacovirus -4 BofSmV-4 Bos taurus Cow 2013 
 KT862229 Bovine faeces associated smacovirus -6 BofSmV-6 Bos taurus Cow 2013 
Unclassified CRESS DNA viruses KT862230 Bovine faeces associated circular DNA virus-1 BofCV-1 Bos taurus Cow 2013 
 KT862231 Duck faeces associated circular DNA virus-1 DufCV-1 Anas platyrhynchos Duck 2012 
 KT862232 Deer faeces associated circular DNA virus-1 DefCV-1 Dama dama Deer 2012 
 KT862233 Duck faeces associated circular DNA virus-2 DufCV-2 Anas platyrhynchos Duck 2011 
 KT862234 Duck faeces associated circular DNA virus-3 DufCV-3 Anas platyrhynchos Duck 2011 
 KT862235 Llama faeces associated circular DNA virus-1 LlfCV-1 Lama glama Llama 2012 
 KT862236 Chamois faeces associated circular DNA virus-1 ChfCV-1 Rupicapra rupicapra Chamois 2011 
 KT862237 Bovine faeces associated circular DNA virus-2 BofCV-2 Bos taurus Cow 2012 
Circular molecules KT862256 Porcine faeces associated circular DNA molecule-1 PofCM-1 Sus scrofa domesticus Pig 2011 
 KT862257 Bovine faeces associated circular DNA molecule-1 BofCM-1 Bos taurus Cow 2012 
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 (Figure 2.2). The genome architectures of unclassified CRESS DNA viruses are more varied 
with type I, III, IV, and V genome architectures represented in this study. The two circular 
molecules identified have a type VII genome architecture. 
 
The 38 CRESS DNA viruses and two circular molecules are discussed in detail within their 




Gemycircularviruses have approximately 2.0 - 2.4kb circular ssDNA genomes that encode at 
least two ORFs and have a type II circular genome organisation (Figure 2.2; Table 1.2) 
(Rosario et al., 2012b) i.e. the CP is encoded on the virion-sense strand and the Rep is 
encoded on the complementary-sense strand. The ORFs overlap at their 3’ ends, therefore the 
gemycircularviruses only contain a single intergenic region (IR). Both ORFs are transcribed 
away from the putative origin of replication located in the IR. The putative origin of 
replication contains the characteristic stem-loop structure with a nonanucleotide motif 
positioned on the virion-sense strand. Furthermore, the majority of the gemycircularviruses  
appear to encode the Rep from a spliced rep transcript (Roumagnac et al., 2015; Varsani et 
al., 2014b; Wright et al., 1997). Some geminiviruses express both an unspliced rep transcript 
(repA) and spliced rep transcript that are both important for viral proliferation (Dekker et al., 
1991; Liu et al., 1998; Wright et al., 1997). The Rep of gemycircularviruses is most closely 
related to those of geminiviruses. The host of only one gemycircularvirus is known (Yu et al., 
2010). Based on this and coupled with the fact that Rep-like sequences have been identified 
in fungal genomes (Liu et al., 2011), it is highly likely that fungi may be the hosts of 
gemycircularviruses. 
 
In this study, eighteen gemycircularvirus genomes were recovered from twelve animal faecal 
samples collected on the South Island of New Zealand (Figure 2.1; Table 2.4). Based on the 
genome-wide nucleotide pairwise identities, these gemycircularviruses represent eleven 
putative species, nine of which are novel (Figure 2.1; Table 2.4). An 80% pairwise identity 
species cut-off was applied, as proposed by Sikorski et al. (2013d) and Kraberger et al. 
(2015a). The nine novel gemycircularvirus species have been tentatively named Faeces-
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associated gemycircularvirus (FaGmV)-14 (n=2), -15 (n=1), -16 (n=2), -17 (n=1), -18 (n=1), 
-19 (n=1), -20 (n=3), -21 (n=2) and -22 (n=1), following on the naming by Sikorski et al. 
(2013d) who identified gemycircularviruses in faecal samples of A. platyrhynchos, 
Arctocephalus forsteri, Gerygone albofrontata, Oryctolagus cuniculus, O. aries, Petroica 
traversi, Struthio camelus, Stumus vulgaris, S. scrofa and Turdus merula (FaGmV-1 to -12), 
and Ng et al. (2014) who identified a gemycircularvirus in Rangifer tarandus (FaGmV-13).  
 
Three gemycircularviruses recovered from B. taurus, G. gallus domesticus and L. europaeus 
share ~94% genome-wide nucleotide pairwise identity with Sewage-associated 
gemycircularvirus-3 (SaGmV-3, KJ547643), therefore these sequences have been named 
SaGmV-3 (KT862240, KT862252, KT862255). A gemycircularvirus recovered from G. 
gallus domesticus in this study shares 99.8% identity with FaGmV-4 (KF371638) recovered 
from A. forsteri in New Zealand, so has been named FaGmV-4 (KT862241). Additionally, a 
Meles meles fecal virus isolate VS4700006 (MmFV, JN704610) previously identified in the 
Netherlands shares 98.4% genome-wide identity with FaGmV-14 isolates (KT862238 - 
KT862239) identified in two A. platyrhynchos faecal samples. The nonanucleotide motif of 
the gemycircularviruses from this study varies with TAATATTAT and TAATGTTAT being 
the most common (Table 2.5). The nonanucleotide motifs of other gemycircularvirus isolates 
are TATATAAAG, TATAAATAC, TAATGCTAT and TAATACTAT.  
 
The Reps of the eighteen gemycircularviruses identified in this study contain a putative intron 
(Figure 2.2), similar to other gemycircularviruses except SsHADV-1. These introns are 
bordered by canonical acceptor (GT) and donor (AG) sites, and range from 130 - 190nts in 
this study. The size of the spliced rep and repA transcripts are 982 - 1188nts and 602 - 
758nts, respectively. The CP ORFs of recovered isolates are between 906 and 1029nts The 
Rep proteins of gemycircularviruses from this study have RCR motif I, II and III, which are 
highly conserved (Table 2.5). RCR motif I was identified as LuTYxQ, with the sequence 
LLTYAQ detected in 14 of the sequences. xHuHx was identified as RCR motif II and RCR 
motif III was identified as YAxK. RCR motif III was highly conserved among isolates, with 
the sequence YAIK detected in 15 isolates. Identification of a single tyrosine residue in RCR 
motif III classifies the encoded Rep proteins as members of Rep superfamily II. Consistent 
with previous reports, the GRS identified lacked the QxAK sequence present in the GRS of 
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Figure 2.2: Genome organisations of gemycircularviruses, smacoviruses, unclassified 
CRESS DNA viruses and circular molecules recovered in the present study from the faecal 
matter of wild and domestic animals in New Zealand. 
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geminiviruses (Rosario et al., 2012b). Walker A, B and motif C were identified in the NTP-
binding domain of putative Reps in recovered gemycircularviruses (Table 2.5). In the 
recovered genomes, the Walker A motif is GxxxxGKT and Walker B is uuxu(D/E)(D/E)u. 
The most common Walker B motif identified in this study is VFDDM, which is found in 
FaGmV-4, FaGmV-16 isolates, FaGmV-17, FaGmV-19 and SaGmV-3 isolates. Motif C in 
the helicase domain is uxxN, most commonly WLAN. The presence of these motifs suggests 
that the putative Reps have both endonuclease and helicase properties. 
 
Overall the full genomes of gemycircularviruses identified to date have ~45% diversity. The 
gemycircularviruses have high diversity in their CP (~80%) and Rep (~75%) amino acid 
sequences. Maximum-likelihood phylogenetic trees constructed using alignments of the 
putative Rep and CP amino acid sequences are shown in Figure 2.3. In general, the Reps are 
more conserved that the CPs. The Reps of FaGmV-4 (KF371638, KT862241) are most 
closely related to those of FaGmV-1, -2 and -3 (KF371639 - KF371643) sharing 81-88% 
pairwise amino acid identity, however, their CPs are most closely related to soybean leaf-
associated gemycircularvirus 1 (SlaGemV1-1; KT598248) sharing ~55% pairwise amino acid 
identity. The Rep sequences of FaGmV-21 isolates cluster with gemycircularviruses 
recovered from a sewage oxidation pond sample (SaGmV-1, KM821747; SaGmV-7, 
KJ547637, KJ547640; SaGmV-8, KJ547638; SaGmV-9, KJ547639) and Bromus hordeaceus 
(BasCV, KM510192) sharing 67-70% amino acid identity, which is not observed in the CP 
maximum-likelihood phylogenetic tree.  The Reps of FaGmV-16 (KT862249, KT862251) 





Table 2.5:  Conserved RCR and SF3 helicase motifs in the Reps of gemycircularviruses, smacoviruses, unclassified CRESS DNA viruses and 




Accession # Nonanucleotide motif Motif I Motif II Motif III GRS Walker A Walker B Motif C 
Gemycircularviruses FaGmV-14 KT862238 TATATAAAG LLTYAQ IHLHA YAIK RRFDVGGFHPNIAPCG GETRLGKT VLDDM WLMN 
 FaGmV-14 KT862239 TATATAAAG LLTYAQ IHLHA YAIK RRFDVGGFHPNIAPCG GETRLGKT VLDDM WLMN 
 SaGmV-3 KT862240 TAATGTTAT LLTYAQ LHIHA YAIK RVFDMDGCHPNIVRGY GPTKLGKT VFDDM YLYN 
 FaGmV-4 KT862241 TAATGTTAT LLTYAQ THLHA YAIK DVFDVGGFHPNIEASR GDTRLGKT VFDDM WLAN 
 FaGmV-17 KT862242 TAATATTAT LVTYPQ THLHV YAAK DIFDVQGHHPNIERSK GPPLTGKT VIDDI WLNN 
 FaGmV-20 KT862243 TAATATTAT LLTYAQ IHLHA YAIK DIFDVDGHHPNISQSR GRSRTGKT IFDDI WLAN 
 FaGmV-20 KT862244 TAATATTAT LLTYAQ IHLHA YAIK DIFDVDGHHPNISQSR GRSRTGKT IFDDI WLAN 
 FaGmV-21 KT862245 TAATATTAT LLTYAQ THLHV YAIK DVFDVLGYHPNIEPSR GESRTGKT IFDDI WISN 
 FaGmV-20 KT862246 TAATATTAT LLTYAQ IHLHA YAIK DIFDVDGHHPNISQSR GRSRTGKT IFDDI WLAN 
 FaGmV-21 KT862247 TAATATTAT LLTYAQ THLHV YAIK DVFDVLGYHPNIEPSR GESRTGKT IFDDI WISN 
 FaGmV-18 KT862248 TAATACTAT LLTYSQ THLHV YAVK GFFDVGGKHPNVVPSR GPSRLGKT VFDDL WLAN 
 FaGmV-16 KT862249 TAATATTAT LLTYAQ VHLHV YAIK DIFDVEGRHPNVVPSK GPSRTGKT VFDDM WCAN 
 FaGmV-19 KT862250 TAATGTTAT LLTYPQ THLHV YATK DYFDVGGKHPNVVPSK GPSRLGKT VFDDM WLAN 
 FaGmV-16 KT862251 TAATATTAT LLTYAQ VHLHV YAIK DIFDVEGRHPNVVPSK GPSRTGKT VFDDM WCAN 
 SaGmV-3 KT862252 TAATGTTAT LLTYAQ LHIHA YAIK RVFDMDGCHPNIVRGY GPTKLGKT VFDDM YLYN 
 FaGmV-22 KT862253 TAATGCTAT LITYAQ IHLHC YAIK DIFDVDGRHPNIAPSY GDSRVGKT VFDDI WISN 
 FaGmV-15 KT862254 TATAAATAC LLTYSQ IHLHA YAVK RLFDVNGQHPNITPCG GESKLGKT IFDDI WLTN 
 SaGmV-3 KT862255 TAATGTTAT LLTYAQ LHIHA YAIK RVFDMDGCHPNIVRGY GPTKLGKT VFDDM YLYN 
Smacoviruses BofSmV-2 KT862218 TAGTGTTAC MMTGPR EHWQI YERK - PVGARGKS IIIDI VFTN 
 ShfSmV-3 KT862219 AAGTGTTAC MLTMPW RHIHV YEKK - ETGSIGKS LIIDI VLTN 
 ShfSmV-1 KT862220 TAGTGTTAC VLTVPR RHYQI YERK - DGGWAGKS IVIDL VFSN 
 ShfSmV-2 KT862221 TAGTGTTAC MMTIPR DHFQI YERK - PVGARGKS IIIDI VFTN 
 BofSmV-3 KT862222 ATTTCTTAC SVTIPR HHYQC YCRK - TKGGSGKT IWIDL VTTN 
 BofSmV-1 KT862223 CACTGTTAC DAFFPE EHFQC YVQK - DKGRHGKS YIIDM VFCN 
 BofSmV-5 KT862224 CACTGTTAC ERALPD THYQC YEEK - KQGGNGKS YVFDL VFTN 
 PofSmV-1 KT862225 TAGTGTTAC VLTIPR EHFQI YERK - DKGSIGKS IVVDL VTSN 
 PoSCV-1 KT862226 TAGTGTTAC MMTIPR EHWQI YETK - ETGNVGKS VIIDV VMTN 
 PoSCV-1 KT862227 TAGTGTTAC MMTIPR EHWQI YETK - ETGNVGKS VIIDI VMTN 
 BofSmV-4 KT862228 TAGTGTTAC VMTIPQ RHYQV YELK - HVGGKGKT VIIDC ILSN 
 BofSmV-6 KT862229 GAGTGTTAC DVTAPQ KHWQI YIMK - PLGGIGKT FIIDV VLTN 
Unclassified CRESS DNA viruses BofCV-1 KT862230 TAGTATTAC CFTINN PHWQG YCKK - GPPGTGKS VFEEF IITS 
 DufCV-1 KT862231 TAATACTAG QINSKS LHLHA YVMK - APPGMGKT VLDEF IIMS 
 DefCV-1 KT862232 TACTATACC FLTFPQ PHWQG YCTK - GETGSGKS LFDDF FFTS 
 DufCV-2 KT862233 TAATATTAA LLTYPQ EHYHA YVKK - GKTGTGKT IFDDV IFTS 
 DufCV-3 KT862234 TAATATTAA LITYPQ EHYHA YVKK - GPTGTGKT IFDDI IFTS 
 LlfCV-1 KT862235 TAGTATTAC CFTLNN PHLQG YCSK - GSPGVGKS IIDDF IVTS 
 ChfCV-1 KT862236 GGTATATTC - PVYHP YISK - APPNSGKT VYDDR IVLS 
 BofCV-2 KT862237 TATTAATAC LLTYPR EHIHV YVKK - GSTGTGKT ILDDI YITA 
Circular molecules PofCM-1 KT862256 TACTATTAC TMTVKN QHCHF YLNK - GPSGSGKS WFDEF ISTV 
 BofCM-1 KT862257 TGTAATTAA CFTLNN PHLQG YCSK - GLPGVGKS IIDDF IVTS 
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Figure 2.3: Maximum-likelihood phylogenetic trees of the Rep and CP amino acid sequences 
of gemycircularviruses. The tree is rooted with geminivirus sequences. For each 
gemycircularvirus, sample type is indicated by a colour coding system and isolation source is 







































































































































































hy: Hypericum (Hypericum japonicum)
si: Signalgrass (Brachiaria deflexa)
br: Soft brome (Bromus hordeaceus)
sy: Soybean (Glycine max)




bt: Bat (Miniopterus fuliginosus,
           Pteropus tonganus
           Rhinolophus ferrumequinum,
           Rhinolophus hipposideros)
bl: Blackbird (Turdus merula)
ck: Chickadee (Poecile atricapillus )
cr: Caribou (Rangifer tarandus)
cs: Cassava (Manihot esculenta)
ro: Black robin (Petroica traversi)
ch: Chicken (Gallus gallus domesticus )
co: Cow (Bos taurus)
da: Damselfly ( Ischnura posita,
                       Ischnura ramburii )
do: Dog (Canis lupus familiaris )
bd: Badger (Meles meles)
dr: Dragonfly (Aeshna multicolour,
                      Erythemis simplicicollis,
                      Libellula saturata,
                      Miathyria marcella,
                      Pantala flavescens,
                      Pantala hymenaea )
du: Duck (Anas platyrhynchos)
mo: Mongoose (Herpestes ichneumon)
pi: Pig (Sus scrofa domesticus)
st: Starling (Sturnus vulgaris)
ha: Hare (Lepus europaeus)
ho: Horse (Equus ferus caballus)
hu: Human (Homo sapiens)
ll: Llama ( Lama glama)
mq: Mosquito (Culex erythrothorax) )
sl: Fur seal (Arctocephalus forsteri)
os: Ostrich (Struthio camelus)
rb: Rabbit (Oryctolagus cuniculus)
ra: Rat (Rattus norvegicus)
sh: Sheep (Ovis aries)
 KF371640 FaGmV-2 pi
 KF371639 FaGmV-3 ci
 KF371642 FaGmV-1b bl
 KF371641 FaGmV-1c bl
 KF371643 FaGmV-1a sh
 KF371638 FaGmV-4 sl
 KT862241 FaGmV-4 ch
 KJ641719 BtMf-CV-23 GD201 bt
 KT862248 FaGmV-18 ho
 KT862250 FaGmV-19 pi
 KT732794 PfffaGmV-3 bt
 KT253577 PaGmV-1 si
 KT253579 PaGmV-1 su
 KT253578 PaGmV-1 si
 KT732796 PfffaGmV-4 bt
 KT732795 PfffaGmV-4 bt
 KT598248 SlaGemV1 sy
 KT862242 FaGmV-17 ch
 KF371637 FaGmV-5 ci
 KP263547 MoFaGmV478d mo
 KF371636 FaGmV-6  ci
 KT862249 FaGmV-16 sh
 KT862251 FaGmV-16 sh
 KM598385 OdaGmV-1 da
 KM598386 OdaGmV-1 dr
 JX185429 DfasCV-2 dr
 KT862253 FaGmV-22 co
 JQ412057 CasCV  cs
 KT862243 FaGmV-20 ch
 KT862246 FaGmV-20 ho
 KT862244 FaGmV-20 ll
 KT732792 PfffaGmV-2 bt
 KT732793 PfffaGmV-2 bt
 KJ547640 SaGmV-7b sw
 KM821747 SaGmV-1 sw
 KJ547639 SaGmV-9 sw
 KJ547638 SaGmV-8 sw
 KM510192 BasCV-3 br
 KJ547637 SaGmV-7a sw
 KT862245 FaGmV-21 ll
 KT862247 FaGmV-21 ho
 KJ547641 SaGmV-11 sw
 KM598382 SsHADV-1 da
 KF268025 SsHADV-1 re
 GQ365709 SsHADV-1 sc
 KF268028 SsHADV-1 re
 KF268026 SsHADV-1 re
 KF268027 SsHADV-1 re
 KM598383 SsHADV-1 dr
 KM598384 SsHADV-1 dr
 KJ547636 SaGmV-6 sw
 KT732797 PfffaGmV-5 bt
 KF413620 HJasCV hy
 KT732814 PfffaGmV-13 bt
 KT732804 PfffaGmV-10 bt
 KT732805 PfffaGmV-10 bt
 KT309029 Gitract ck
 KT732809 PfffaGmV-11 bt
 KT732810 PfffaGmV-11 bt
 KT732807 PfffaGmV-11 bt
 KT732808 PfffaGmV-11 bt
 KT732812 PfffaGmV-11 bt
 KT732811 PfffaGmV-11 bt
 KT732806 PfffaGmV-14 bt
 KR912221 Gemy-ch-rat1 ra
 KT732802 PfffaGmV-8 bt
 KT732801 PfffaGmV-8 bt
 KT732803 PfffaGmV-9 bt
 KM598387 OdaGmV-2 dr
 KM598388 OdaGmV-2 dr
 KF371635 FaGmV-7 du
 HQ335086 MVemV mq
 KT862240 SaGmV-3 ch
 KT862252 SaGmV-3 co
 KT862255 SaGmV-3 ha
 KJ547643 SaGmV-3 sw
 KF371634 FaGmV-8 ro
 JX185430 DfasCV-1 dr
 KJ547642 SaGmV-2 sw
 KP987887 C1c hu
 KP263546 MoFaGmV541c mo
 KP263545 MoFaGmV160b mo
 LK931483 HCBI8 215 co
 KP263543 BafaGM588 bd
 KP263544 MoFaGmV181a mo
 KJ641737 BtRh-CV-6 Tibet2 bt
 KP133075 GemyCV-SL1 hu
 KP133076 GemyCV-SL2 hu
 KP133077 GemyCV-SL3 hu
 KP133079 GemyCV-BZ2 hu
 KP133078 GemyCV-BZ1 hu
 KP133080 GemyCV-NP sw
 KJ547645 SaGmV-10b sw
 LK931485 MSSI2 225 hu
 KJ547644 SaGmV-10a sw
 KF371633 FaGmV-9 bl
 KJ641726 BtRf-CV-8 NM2013 bt
 JX185428 DfasCV-3 dr
 KJ547635 SaGmV-5 sw
 KJ413144 HuGaGmC349 hu
 KT732790 PfffaGmV-1 bt
 KT732791 PfffaGmV-1 bt
 KT862238 FaGmV-14 du
 KT862239 FaGmV-14 du
 KT862254 FaGmV-15 do
 KF371632 FaGmV-10 st
 KT732799 PfffaGmV-6 bt
 KT732798 PfffaGmV-6 bt
 KT732800 PfffaGmV-7 bt
 LK931484 HCBI9 212 co
 KT732813 PfffaGmV-12 bt
 JN704610 MmFV bd
 KJ938717 FaGmV-13 cr
 KJ547634 SaGmV-4 sw
 KJ547642 SaGmV-2 sw
 KT732813 PfffaGmV-12 bt
 KJ547644 SaGmV-10a sw
 KJ547645 SaGmV-10b sw
 LK931485 MSSI2 225 hu
 KJ641726 BtRf-CV-8 NM2013 bt
 KP263543 BafaGM588 bd
 KP263545 MoFaGmV160b mo
 LK931483 HCBI8 215 co
 KP263546 MoFaGmV541c mo
 KJ641737 BtRh-CV-6 Tibet2013 bt
 KP263544 MoFaGmV181a mo
 KP133075 GemyCV-SL1 hu
 KP133080 GemyCV-NP sw
 KP133079 GemyCV-BZ2 hu
 KP133078 GemyCV-BZ1 hu
 KP133076 GemyCV-SL2 hu
 KP133077 GemyCV-SL3 hu
 KP987887 C1c hu
 HQ335086 MVemV mq
 KP263547 MoFaGmV478d mo
 KM510192 BasCV-3 br
 KT732814 PfffaGmV-13 bt
 KJ547639 SaGmV-9 sw
 KJ547638 SaGmV-8 sw
 KM821747 SaGmV-1 sw
 KJ547637 SaGmV-7a sw
 KJ547640 SaGmV-7b sw
 KT862250 FaGmV-19 pi
 JX185430 DfasCV-1 dr
 KT862238 FaGmV-14 du
 KT862239 FaGmV-14 du
 KT862254 FaGmV-15 do
 KT732790 PfffaGmV-1 bt
 KT732791 PfffaGmV-1 bt
 KJ413144 HuGaGmC349  hu
 KJ547635 SaGmV-5 sw
 JN704610 MmFV bd
 KF371631 FaGmV- 11 rb
 KF371631 FaGmV- 11 rb
 LK931484 HCBI9 212 co
 KJ547634 SaGmV-4 sw
 KJ938717 FaGmV-13 cr
 KF371638 FaGmV-4 sl
 KT862241 FaGmV-4 ch
 KF371632 FaGmV-10 st
 KT732798 PfffaGmV-6 bt
 KT732799 PfffaGmV-6 bt
 KT732806 PfffaGmV-14 bt
 KT309029 Gitract ck
 KT862242 FaGmV-17 ch
 KF413620 HJasCV hy
 KT732803 PfffaGmV-9 bt
 KT732797 PfffaGmV-5 bt
 KT732809 PfffaGmV-11 bt
 KT732807 PfffaGmV-11 bt
 KT732811 PfffaGmV-11 bt
 KT732810 PfffaGmV-11 bt
 KT732808 PfffaGmV-11 bt
 KT732812 PfffaGmV-11 bt
 KT862249 FaGmV-16 sh
 KT862245 FaGmV-21 ll
 KT862247 FaGmV-21 ho
 KF371633 FaGmV-9 bl
 KT862243 FaGmV-20 ch
 KT862244 FaGmV-20 ll
 KT862246 FaGmV-20 ho
 KF371635 FaGmV-7 du
 JX185428 DfasCV-3 dr
 KF268025 SsHADV-1 re
JX185429 DfasCV-2 dr
 KF371639 FaGmV-3 ci
 KT253579 PaGmV-1 su
 KT253577 PaGmV-1 si
 KT253578 PaGmV-1 si
 KJ547636 SaGmV-6 sw
 KJ547641 SaGmV-11 sw
 KT732795 PfffaGmV-4 bt
 KT732796 PfffaGmV-4 bt
 KT732801 PfffaGmV-8 bt
 KT732802 PfffaGmV-8 bt
 KT732804 PfffaGmV-10 bt
 KT732805 PfffaGmV-10 bt
 KT862240 SaGmV-3 ch
 KT862255 SaGmV-3 ha
 KT862252 SaGmV-3 co
 KJ547643 SaGmV-3 sw
 KF371634 FaGmV-8 ro
 KJ641719 BtMf-CV-23 GD2012 bt
 KT732800 PfffaGmV-7 bt
 KT732794 PfffaGmV-3 bt
 JQ412057 CasCV cs
 KT598248 SlaGemV1 sy
 KT732792 PfffaGmV-2 bt
 KT732793 PfffaGmV-2 bt
 KF371640 FaGmV-2 pi
 KR912221 Gemy-ch-rat1 ra
 KT862253 FaGmV-22 co
 KT862251 FaGmV-16 sh
 KF371636 FaGmV-6 ci
KT862248 FaGmV-18 ho
KF371641 FaGmV-1c bl
 KF371642 FaGmV-1b bl
 KM598387 OdaGmV-2 dr
 KM598388 OdaGmV-2 dr
KM598385 OdaGmV-1 da
KM598386 OdaGmV-1 dr
 KF371637 FaGmV-5 ci
KF371643 FaGmV-1a sh
GQ365709 SsHADV-1 sc
 KF268027 SsHADV-1 re
 KM598384 SsHADV-1 dr
 KM598383 SsHADV-1 dr
 KM598382 SsHADV-1 da
 KF268028 SsHADV-1 re
 KF268026 SsHADV-1 re
Rep CP




Smacoviruses have predominantly been found associated with animal faecal matter, i.e. 
Alouatta caraya, (n=1), Gorilla gorilla (n=2), Lemur catta (n=1), Pan troglodytes (n=7), B. 
taurus (n=1), Camelus dromedarius (n=6), Meleagris gallopavo (n=1), Rattus norvegicus 
(n=3) and S. scrofa domesticus (n=26), and human faeces (n=22). Additionally, smacoviruses 
have been identified in a sewage oxidation pond sample (n=1), Erythrodiplax fusca abdomen 
(n=1) (Table 2.3).  Smacoviruses have two main ORFs, encoding the Rep and CP. In most 
smacoviruses these ORFs are bidirectionally organised, however, a small group recovered 
from S. scrofa domesticus faces (Pig stool associated circular ssDNA virus, PigSCV; 
JQ023166, JX305991 - JX305998) and a sewage oxidation pond sample (Sewage-associated 
circular virus-9, SaCV-9; KJ547633) have a unidirectional genome organisation (Table 2.3). 
  
In this study, twelve smacoviruses were identified in the faecal samples of three B. taurus 
(n=6) and one each of L. europaeus (n=1), O. aries (n=3), S. scrofa domesticus (n=1) and T. 
vulpecula (n=1) (Figure 2.1; Table 2.4). For the purpose of this study and towards setting 
some basic guidelines for the classification of smacoviruses, the distribution of pairwise 
identities of the genomes of ambisense smacoviruses was determined using SDT v1.2 
(Muhire et al., 2014). Based on the distribution of pairwise identities (Figure 2.4), an 80% 
genome-wide pairwise identity was used as a species delineator, i.e. smacovirus sequences 
with <80% genome-wide pairwise identity to previously identified smacoviruses were 
assigned as a tentative new species. 
 
Two isolates from L. europaeus and T. vulpecula share >93% genome-wide pairwise identity 
with Porcine stool-associated circular virus (PoSCV) isolates (JX274036, KF193403) from 
New Zealand and South Korea, thus these have been named PoSCV (KT862226, KT862227). 
The four PoSCVs share ~73% genome-wide pairwise identities with PoSCV-1 (KJ577810 - 
KJ577811) from the USA. The remaining ten smacoviruses from this study share <80% 
pairwise identity to other smacoviruses and have been assigned the following names based on 
the source of the faecal sample: Bovine faeces associated smacovirus (BofSmV) -1, -2, -3, -4, 
-5 and -6, Porcine faeces associated smacovirus-1 (PofSmV-1) and Sheep faeces associated 
smacovirus (ShfSmV) -1, -2 and -3 (Figure 2.1; Table 2.4). The ambisense smacoviruses 
have ~46% diversity (Figure 2.4). The new smacoviruses identified in this study share 
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Figure 2.4: a) Distribution of smacoviruses recovered from faecal sources across smacovirus 
genogroups I- XXIII. b) Distribution of genome-wide pairwise identity scores. The 80% 
pairwise identity species cut-off applied to smacovirus isolates is shown. c) Distribution of 
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between 55-73% genome-wide identity with previously identified smacoviruses, suggesting 
that there is significant diversity amongst these viruses. In all smacoviruses from this study, 
‘NANTGTTAC’ was identified as the nonanucleotide motif, with the exception of BofSmV-3 
(KT862222) where the putative motif is ‘ATTTCTTAC’ (Table 2.5).  
 
The recovered smacoviruses have ~2.4 - 2.6kb circular ssDNA genomes that encode the Rep 
ORF (735 - 822nts) on the complementary-sense strand and the CP ORF (954 - 1113nts) on 
the virion-sense strand (Figure 2.2). All smacoviruses recovered in this study have a type IV 
genome organisation (Table 1.2) (Rosario et al., 2012b). The ORFs do not overlap, therefore 
the smacovirus genomes have two intergenic regions, named the long intergenic region (LIR) 
and short intergenic region (SIR). Both ORFs are transcribed towards the origin of 
replication, which is located in the LIR of ShfSmV-2, PofSmV-1, PoSCV and BoFSmV-6, 
and the SIR of the remaining isolates. The nonanucleotide motif is located on the virion-sense 
strand in a characteristic stem-loop structure at the origin of replication. 
 
‘Genogroups’ (A-K) have been proposed by Ng et al. (2015) based on Rep amino acid 
sequence identity. The Reps (n=84) of all smacovirus sequences available in GenBank were 
analysed, including those from this study (Table 2.3), where it was found that the 60% 
threshold for genogrouping holds (Figure 2.4). However, based on the criteria proposed (Ng 
et al., 2015), 23 genogroups were identified. This study opted to assign genogroups to the 
smacoviruses with Roman numerals (I – XXIII; Table 2.3) rather than letter of the alphabet to 
allow for expansion of the group, which is likely to occur with significant activity in viral 
metagenomics. The smacoviruses from this study fall into eleven genogroups (III, XI, XII, 
XIII, XIV, XIX, XV, XVII, XX, XXII and XXIII), three to previously assigned genogroups 
III (C) and XI (K) by (Ng et al., 2015) and nine smacoviruses into nine new genogroups 
(Figures 2.4 and 2.5).   
 
Some of the isolates identified in this study belong to genogroups containing smacoviruses 
from the faeces of multiple species (Figure 2.4). The two PoSCV isolates belong to 
genogroup XI, which also contains smacoviruses recovered from the faeces of A. caraya 
(n=1), L. europaeus (n=1), M. gallopavo (n=1), P. troglodytes (n=1), T. vulpecula (n=1) and 
S. scrofa domesticus (n=2). BofSmV-5 is classified in genogroup XII with two of the six 
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Figure 2.5: Maximum-likelihood phylogenetic trees of the Rep and CP amino acid sequences 
of smacoviruses. The tree is rooted with the Rep and CP sequences of Avon-Heathcote 
Estuary associated circular virus 29 isolates. Colour-coded Roman numerals indicate the 
































































































1 amino acid substitutions per site
 KC545226 PoSCV-2 VI
 KJ577818 PoSCV-2 VI
 KT862218 BofSmV-2 XXII
 KM573769 DcSCV XII
 KT862224 BofSmV-5 XII
 KM573772 DcSCV XXII
 KT862225 PofSmV-1 XX
 KT862221 ShfSmV-2 XXIII
 KM573774 DcSCV XII
 KT862223 BofSmV-1 XIII
 KM598409 OdasCV-21 XVI
 KT862228 BofSmV-4 XV
 JN634851 BoSCV III
 KT862219 ShfSmV-3 XVII
 KT862222 BofSmV-3 III
 KP233194 LeSCV X
 GQ351272 ChiSCV IX
 GQ351275 ChiSCV IX
 KJ577810 PoSCV-1 XI
 KJ547633 SaCV-9 II
 KJ577817 PoSCV-8 V
 KF880727 TuSCV XI
 KJ577819 PoSCV-6 VIII
 JX305997 PigSCV II
 JX305991 PigSCV II
 JX305993 PigSCV II
 JX305994 PigSCV II
 JX305995 PigSCV II
 JQ023166 PigSCV II
 JX305998 PigSCV II
 JX305992 PigSCV II
 JX305996 PigSCV II
 KJ577815 PoSCV-7 VII
 KJ577814 PoSCV-7 VII
 KJ577812 PoSCV-7 VII
 KJ577813 PoSCV-7 VII
 KT862229 BofSmV-6 XIV
 KP233189 BhmSCV XI
 KJ577816 PoSCV-9 IV
 KP860906 RsaCV VIII
 KP860907 RsaCV VIII
 KP860908 RsaCV VIII
 KP264964 HuSCV-1 I
 KP233185 HuSCV-1 I
 KP233193 HuSCV-1 I
 KP233183 HuSCV-1 I
 KP264969 HuSCV-1 I
 KP233180 HuSCV-1 I
 KP233182 HuSCV-1 I
 KP264966 HuSCV-1 I
 KP233181 HuSCV-1 I
 KP233186 HuSCV-1 I
 KP233188 HuSCV-1 I
 KP233174 HuSCV-1 I
 KP233175 HuSCV-1 I
 KP233177 HuSCV-1 I
 KP233176 HuSCV-1 I
 KP264965 HuSCV-1 I
 KP233187 HuSCV-1 I
 KP233184 HuSCV-1 I
 KP264967 HuSCV-1 I
 KM573770 DcSCV XXI
 KP264968 HuSCV-1 I
 KP233178 HuSCV-1 I
 KP233179 HuSCV-1 I
 KP233191 GoSCV VII
 KP233192 GoSCV VII
 KC545229 PoSCV-3 VI
 KC545228 PoSCV-3 VI
 KC545227 PoSCV-3 VI
 KC545230 PoSCV-3 VI
 KP233190 ChiSCV XI
 KJ577811 PoSCV-1 XI
 KT862226 PoSCV XI
 KT862227 PoSCV XI
 JX274036 PoSCV XI
 KF193403 PoSCV XI
 KM573775 DcSCV XVIII
 KM573771 DcSCV XVIII
 KT862220 ShfSmV-1 XIX
 GQ351276 ChiSCV IX
 GQ351277 ChiSCV IX
 GQ351273 ChiSCV IX
 GQ351274 ChiSCV IX
 KT862223 BofSmV-1 XIII
 KJ547633 SaCV-9 II
 JX305998 PigSCV II
 JX305992 PigSCV II
 JQ023166 PigSCV II
 JX305994 PigSCV II
 JX305993 PigSCV II
 JX305991 PigSCV II
 JX305995 PigSCV II
 JX305997 PigSCV II
 JX305996 PigSCV II
 KT862229 BofSmV-6 XIV
 KM573774 DcSCV XII
 KT862224 BofSmV-5 XII
 KM573769 DcSCV XII
 KP233176 HuSCV-1 I
 KP233177 HuSCV-1 I
 KP264968 HuSCV-1 I
 KP233179 HuSCV-1 I
 KP233178 HuSCV-1 I
 KP233175 HuSCV-1 I
 KP264965 HuSCV-1 I
 KP233174 HuSCV-1 I
 KP233184 HuSCV-1 I
 KP264967 HuSCV-1 I
 KP233187 HuSCV-1 I
 KP233186 HuSCV-1 I
 KP264969 HuSCV-1 I
 KP264966 HuSCV-1 I
 KP233185 HuSCV-1 I
 KP233183 HuSCV-1 I
 KP233181 HuSCV-1 I
 KP233193 HuSCV-1 I
 KP264964 HuSCV-1 I
 KP233180 HuSCV-1 I
 KP233182 HuSCV-1 I
 KP233188 HuSCV-1 I
 KM598409 OdasCV-21 XVI
 KT862228 BofSmV-4 XV
 JN634851 BoSCV III
 KT862222 BofSmV-3 III
 KT862225 PofSmV-1 XX
 KT862219 ShfSmV-3 XVII
 KC545226 PoSCV-2 VI
 KC545227 PoSCV-3 VI
 KC545228 PoSCV-3 VI
 KC545229 PoSCV-3 VI
 KC545230 PoSCV-3 VI
 KJ577818 PoSCV-2 VI
 KP233194 LeSCV X
 GQ351272 ChiSCV IX
 GQ351275 ChiSCV IX
 GQ351274 ChiSCV IX
 GQ351277 ChiSCV IX
 GQ351273 ChiSCV IX
 GQ351276 ChiSCV IX
 KF880727 TuSCV XI
 KP233189 BhmSCV XI
 KP233190 ChiSCV XI
 KT862226 PoSCV XI
 KT862227 PoSCV XI
 JX274036 PoSCV XI
 KF193403 PoSCV XI
 KJ577811 PoSCV-1 XI
 KJ577810 PoSCV-1 XI
 KJ577812 PoSCV-7 VII
 KJ577813 PoSCV-7 VII
 KJ577815 PoSCV-7 VII
 KJ577814 PoSCV-7 VII
 KP233191 GoSCV VII
 KP233192 GoSCV VII
 KM573770 DcSCV XXI
 KJ577819 PoSCV-6 VIII
 KP860907 RsaCV VIII
 KP860906 RsaCV VIII
 KP860908 RsaCV VIII
 KT862221 ShfSmV-2 XXIII
 KM573772 DcSCV XXII
 KT862218 BofSmV-2 XXII
 KM573771 DcSCV XVIII
 KM573775 DcSCV XVIII
 KJ577816 PoSCV-9 IV
 KT862220 ShfSmV-1 XIX


























smacoviruses identified in C. dromedarius faeces. One of the C. dromedarius smacoviruses is 
classified in genogroup XXII, which also contains BofSmV-2. Other genogroups are species-
specific at this stage (Figure 2.4). Genogroup III contains BofSmV-3 and another smacovirus 
isolated from B. taurus faeces, BoSCV (JN634851) while BofSmV-1, BofSmV-6, ShfSmV-
3, ShfSmV-1, BofSmV-4, PoSmV-1 and ShfSmV-2 are the only members of genogroups 
XIII, XIV, XVII, XIX, XV, XX and XXIII, respectively. 
 
There is high diversity in the Reps of smacoviruses (~80%). The genogroups based on 
percentage pairwise identities of the Rep amino acid sequences are well supported in the Rep 
maximum-likelihood phylogenetic tree (Figure 2.5).  In the maximum-likelihood 
phylogenetic tree of smacovirus CP sequences, it is evident that certain genogroups are not 
monophyletic. For example, the CPs of genogroups I, VI, VII (GoSCV isolates) and XXI are 
more closely related to each other sharing >42% pairwise amino acid identity whereas their 
Reps share >28% pairwise amino acid identity. Even though the Reps of genogroup VII are 
closely related to each other sharing >81% pairwise amino acid identity, the CPs of isolates 
from G. gorilla and S. scrofa domesticus are significantly different sharing 24-28% pairwise 
amino acid identity (Figure 2.5).  
 
RCR motifs I, II and III are conserved in the Reps of recovered smacoviruses (Table 2.5). 
RCR motif I was identified as (M/L/V)Tx(P/S)(R/W/A) in the majority of isolates, where ‘x’ 
denotes any amino acid residue. The sequence of RCR motif I differed in BofSmV-1 and 
BofSmV-5, whose sequences are MGFIT and ERALP, respectively. The sequence of RCR 
motif II is Hx(Q/R)(I/V/C)(R/A/K)x. Like recovered gemycircularvirus Reps, the smacovirus 
Reps contain a single tyrosine residue in RCR motif III (YxxK) so are classified as 
superfamily II Reps. The predominant sequence is YERK which is found in BofSmV-2, 
ShfSmV-1, ShfSmV-2 and PofSmV-1. The sequence of the Walker A motif in recovered 
smacovirus isolates is xxGxxGK(S/T) (Table 2.5) and the Walker B sequence is 
(I/W/V)(I/L/V)DxP, except for BofSmV-6 whose Walker B motif is FIIDV. Motif C was 
identified as (V/I)x(T/S/C)N. Importantly, an invariant aspartic acid residue was identified in 
the Walker B motifs, demonstrating that the putative Reps are likely capable of hydrolysing 
ATP to mediate helicase activity.  
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2.4.4 Unclassified CRESS DNA viruses 
 
Eight CRESS DNA viruses were identified that do not fall within any of the known 
groupings (Figure 2.1; Table 2.4). The Reps of these viruses share <75% identity, hence they 
have simply been named based on the faecal source: Bovine faeces associated circular DNA 
virus-1 and -2 (BofCV-1, -2) from B. taurus, Duck faeces associated circular DNA virus-1, -2 
and -3 (DufCV-1, -2, -3) from A. platyrhynchos, Deer faeces associated circular DNA virus-1 
(DefCV-1) from D. dama, Llama faeces associated circular DNA virus-1 (LlfCV-1) from L. 
glama and Chamois faeces associated circular DNA virus-1 from R. rupicapra. DufCV-2 and 
-3 (KT862233 - KT862234) were recovered from the same A. platyrhynchos sample.  
 
The unclassified CRESS DNA viruses identified in this study have circular ssDNA genomes 
ranging in size from ~1.8 – 3.0kb with varying genome architectures (Figure 2.2; Table 1.2). 
The nonanucleotide motif (Table 2.5) of most isolates is located in the short intergenic region 
(SIR) on the Rep-encoding strand, except for BofCV-2 whose origin of replication is located 
in the long intergenic region (LIR) and ChfCV-1 which contains a single IR. The Rep ORF 
ranges in size from 750 - 1236nts and the CP ORF ranges from 513 - 1116nts. DefCV-1, 
DufCV-2 and DufCV-3 have a type I circular ssDNA genome architecture i.e. the Rep and 
CP ORFs are located on the virion-sense and complementary-sense strands, respectively, and 
are both transcribed away from the putative origin of replication. The genome of BofCV-2 
differs in that the Rep and CP ORFs are transcribed towards the origin of replication, 
therefore BofCV-2 has a type III circular ssDNA genome architecture. BofCV-1 has a type 
IV genome organisation where the ORFs are transcribed towards the origin of replication and 
the CP and Rep ORFs are located on the virion-sense and complementary-sense strands, 
respectively. DufCV-1, LlfCV-1 and ChfCV-1 have a unisense ORF orientation where the 
Rep and CP ORFs are located on the virion-sense strand. Hence, these viruses have a type V 
circular ssDNA genome architecture.  
 
In each of these circular molecules, a putative CP and Rep were identified. The BLASTp 
analysis of the putative Rep and CPs encoded by these CRESS DNA viruses is summarised 
in Table 2.6. BofCV-1 is most closely related to Dromedary stool-associated circular ssDNA 
virus (KM573765) identified in faeces of C. dromedarius from the United Arab Emirates 
(Rep: 60% identity, coverage 92%; e-value 5x10-148). DufCV-1 is most closely related
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Table 2.6: Top hit identified from BLASTp analysis of the Rep and CP amino acid sequences of unclassified CRESS DNA viruses and circular 
molecules identified in this study. 
 
  
ORF BLASTp hit Accession # % Pairwise identity E-value Query coverage Isolation source Country 
KT862230 BofCV-1 Rep Dromedary stool-associated circular ssDNA virus KM573765 60 5e-148 92 Camelus dromedarius UAE 
  CP Dromedary stool-associated circular ssDNA virus KM573765 45 2e-28 51 Camelus dromedarius UAE 
KT862231 DufCV-1 Rep Sewage-associated circular DNA virus-30 KM821765 48 4e-138 99 Sewage New Zealand 
  CP Sewage-associated circular DNA virus-30 KM821765 38 4e-25 68 Sewage New Zealand 
KT862232 DefCV-1 Rep Acheta domesticus volvovirus KC794540 41 1e-58 77 Acheta domesticus Japan 
  CP Acheta domesticus volvovirus KC794540 41 1e-18 25 Acheta domesticus Japan 
KT862233 DufCV-2 Rep Dromedary stool-associated circular ssDNA virus KM573764 36 2e-45 96 Camelus dromedarius UAE 
  CP Odonata-associated circular virus-14 KM598397 32 6e-11 86 Erythrodiplax fusca USA 
KT862234 DufCV-3 Rep Dromedary stool-associated circular ssDNA virus KM573764 34 3e-39 92 Camelus dromedarius UAE 
  CP Odonata-associated circular virus-14 KM598397 29 7e-10 80 Erythrodiplax fusca USA 
KT862235 LlfCV-1 Rep Bat circovirus* KJ641730 69 1e-142 100 Murina leucogaster China 
  CP Bat circovirus* KJ641730 40 1e--56 97 Murina leucogaster China 
KT862236 ChfCV-1 Rep Odonata-associated circular virus-8 KM598391 30 9e-19 73 Libellula quadrimaculata USA 
  CP RDHV-like virus SF1 KP406530 45 1e-38 52 Water USA 
KT862237 BofCV-2 Rep Dromedary stool-associated circular ssDNA virus KM573764 37 3e-46 93 Camelus dromedarius UAE 
  CP - - 
     KT862256 PofCM-1 Rep Fur seal faeces associated circular DNA virus KF246569 64 2e-171 89 Arctocephalus forsteri New Zealand 
KT862257 BofCM-1 Rep Sewage-associated circular DNA virus-17 KM821752 66 2e-140 100 Sewage New Zealand 
* Not circovirus but unclassified CRESS DNA virus
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Figure 2.6: Maximum-likelihood phylogenetic tree of the CP amino acid sequences of 
ChfCV-1, RNA-DNA hybrid viruses and representative tombusviruses. A colour-coding 
system indicates if the virus is a tombusvirus (light blue), unclassified positive-strand ssRNA 
virus (dark blue) or chimaeric virus (red). The ChfCV-1 isolate recovered in this study is 
shown in bold. 
 
 JQ864181 Eggplant mottled crinkle virus
 M21958 Tomato bushy stunt virus
 X62493 Artichoke mottled crinkle virus
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 L07884 Sweet clover necrotic mosaic virus
 X83964 Oat chlorotic stunt virus
 KF133808 2-LDMD
 JN900499 BSL -RDHV
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to Sewage-associated circular DNA virus-30 (KM821765) whose Rep shares 48% 
identity (coverage 99%; e-value 4x10-138), whereas LlfCV-1 is most closely related to 
an unclassified CRESS DNA virus from bats (Bat circovirus, KJ641730) whose Rep 
shares 59% identity (coverage 100%; e-value 1x10-142).  
 
ChfCV-1 encodes a CP that shares 45% identity (coverage 52%; e-value 1x10-38) with 
that of RDHV-like virus SF1 (KP406530) from a water sample in the USA, however, 
the CP of this virus is most closely related to CPs encoded by RNA viruses in the 
Tombusviridae family (Figure 2.6; Table 2.6) (Dayaram et al., 2016; Diemer & 
Stedman, 2012; Krupovic et al., 2015; Roux et al., 2013). 
 
SsDNA viruses frequently undergo recombination with genomes replicating within 
the same host cell (Martin et al., 2011a). This allows rapid exploration of viral 
sequence space and can give rise to natural chimaeras when horizontal gene transfer 
events occur between co-replicating, divergent viruses. A RNA-DNA hybrid virus 
(RDHV) was the first natural chimaera of RNA and DNA viruses to be described 
(Diemer & Stedman, 2012). This virus was isolated from Boiling Springs Lake, USA 
and encodes a circovirus-like Rep and a CP most similar to unclassified single-
stranded RNA (ssRNA) viruses and tombusviruses. Other hybrid viruses have been 
identified in contaminated spin-columns (Krupovic et al., 2015), a sewage oxidation 
pond sample (Kraberger et al., 2015a), fresh and marine water bodies (Dayaram et al., 
2016; Hewson et al., 2013b; McDaniel et al., 2014), wastewater (Greninger & DeRisi, 
2015) and a dragonfly (Rosario et al., 2012a).  
 
2.4.5 Circular molecules 
 
Two circular DNA molecules (1285 - 1479nts) were recovered from B. taurus and S. 
scrofa domesticus and have been named Bovine faeces associated circular DNA 
molecule-1 (BofCM-1) and Porcine faeces associated circular DNA molecule-1 
(PofCM-1). Both BofCM-1 and PofCM-1 encode a Rep that is most closely related to 
that of Fur seal faeces associated circular DNA virus (KF246569) and Sewage-
associated circular DNA virus-17 (KM821752), respectively (Table 2.6). The Rep 
ORF of BofCM-1 is 843nts and the Rep ORF of PofCM-1 is 1206nts in size. The 
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nonanucleotide motif of both circular molecules is located on the Rep-encoding 
strand, therefore the circular molecules have a type VII genome architecture (Figure 
2.2; Table 1.2) (Rosario et al., 2012b). These molecules may be genome segments of 
multicomponent CRESS DNA viruses like nanoviruses or geminiviruses, or satellite 
molecules similar to those associated with begomoviruses (Geminiviridae family) 
(Briddon et al., 2003; Horser et al., 2001b; King et al., 2011; Kumar et al., 2013; Patil 
& Fauquet, 2010; Rohde et al., 1990; Saunders et al., 2000). It is also likely that these 
molecules could be sub-genomic defective molecules that are produced during rolling 
circle replication of the virus (Jeske et al., 2001; Martin et al., 2011a; van der Walt et 





Up until 2013, the only CRESS DNA viruses identified in New Zealand were two 
circoviruses, Beak and feather disease virus (BFDV) (Ha et al., 2009; Ha et al., 2007; 
Jackson et al., 2014a; Jackson et al., 2015; Massaro et al., 2012; Ortiz-Catedral et al., 
2010; Ritchie et al., 2003) and Porcine circovirus-2 (PCV-2) (Garkavenko et al., 
2005; Neumann et al., 2007), and two begomoviruses, Abutilon mosaic virus and 
Honeysuckle yellow vein virus (Lyttle & Guy, 2004). However, in the last three years, 
a large number of novel CRESS DNA viruses have been identified in a freshwater 
lake (Dayaram et al., 2016), insects (Dayaram et al., 2014; Dayaram et al., 2016; 
Dayaram et al., 2013c), molluscs (Dayaram et al., 2015a; Dayaram et al., 2016; 
Dayaram et al., 2013a; b), sediment (Dayaram et al., 2015a; Dayaram et al., 2016; 
Kraberger et al., 2013), a sewage oxidation pond (Kraberger et al., 2015a), plant 
material (Kraberger et al., 2015b), parrot nesting material (Sikorski et al., 2013c) and 
animal faecal matter (Sikorski et al., 2013a; Sikorski et al., 2013b; Sikorski et al., 
2013d) through various approaches involving RCA and viral metagenomics (Table 
1.3).  
 
Fourteen gemycircularviruses (Sikorski et al., 2013d), a smacovirus (Sikorski et al., 
2013a) and an unclassified CRESS DNA virus (Sikorski et al., 2013b) have 
previously been identified from animal faecal matter in New Zealand. This 
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dissertation expanded upon this baseline data using viral metagenomic approaches. 
Through a next-generation sequencing-informed approach, 38 CRESS DNA viruses 
and two CRESS DNA molecules were identified. Eighteen of the identified CRESS 
DNA viruses were classified as gemycircularviruses, which represented eleven 
species, nine of which are novel. Twelve of the CRESS DNA virus isolates displayed 
significant relatedness to smacoviruses. Based on genome-wide nucleotide pairwise 
identities, this constituted eleven smacovirus species, including ten novel species. The 
remaining CRESS DNA viruses are unclassified.  
 
Overall, the faecal matter of wild and domestic animals has proved to be an effective 
tool for characterising novel CRESS DNA viruses in New Zealand. In addition, some 
of the recovered CRESS DNA viruses share a high degree of sequence similarity with 
gemycircularviruses identified previously in New Zealand from the faeces of a 
different animal, such that they were assigned as members of the same species. This 
reinforces the idea that CRESS DNA viruses are prevalent in nature and have a broad 
distribution.  
 
This study contributes significantly to our knowledge of CRESS DNA virus diversity, 
specifically of CRESS DNA viruses circulating within animal faecal matter in New 
Zealand. The CRESS DNA viruses described in this study were recovered from 
nineteen faecal samples of twelve animal species collected across the South Island of 
New Zealand. The CRESS DNA viruses identified show a wide diversity, consisting 
of members belonging to two large CRESS DNA viral groups and a collection of 
divergent CRESS DNA viruses. 
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Chapter Three: Concluding Remarks  
 
 
The number of ssDNA viruses recorded in the literature has expanded rapidly in 
recent years. Viral metagenomic approaches have largely been used to explore the 
global ssDNA viral sequence space. Innovations in next-generation sequencing 
technologies have generated more accurate platforms that are cheaper, quicker and 
support longer reads. Such approaches have overcome biases in previous strategies 
where the majority of research focussed on viruses with economic or medical 
relevance that were easily cultured. The use of Phi29 DNA polymerase coupled with 
next-generation sequencing platforms has successfully identified CRESS DNA 
viruses from a range of sources, including many environmental samples. Formally 
classified CRESS DNA viruses, i.e. circoviruses, geminiviruses and nanoviruses, are 
well characterised while other CRESS DNA viruses are found to have divergent 
genomes to the extent that they cannot be classified into existing taxa. The diverse 
collection of CRESS DNA viruses uncovered through metagenomic studies highlights 
inadequacies in the current viral taxonomic system and a large gap in knowledge of 
CRESS DNA viruses and the wider global virome. Accordingly, several research 
groups have dedicated their time to unravelling the true diversity and prevalence of 
CRESS DNA viruses. 
 
3.1 Main findings 
 
This dissertation presents the complete genomes of 38 CRESS DNA viruses and two 
circular molecules from 49 animal faecal samples collected from sites across the 
South Island of New Zealand. A large proportion of isolates shared similarities with 
proposed CRESS DNA virus groupings, namely the gemycircularviruses and 
smacoviruses. Eighteen CRESS DNA virus isolates recovered from twelve faecal 
samples were assigned as gemycircularviruses, which adds considerably to the 
number of gemycircularviruses identified in New Zealand and provides more support 
for this proposed grouping. The recovered gemycircularvirus isolates are diverse, with 
fourteen isolates assigned to nine novel species and two previously identified 
gemycircularvirus species. Three isolates were assigned to SaGmV-3 (KJ547643) and 
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one isolate was assigned to FaGmV-4 (KF371638), which were also identified from 
faecal sources collected in the South Island of New Zealand. Taking the 
gemycircularviruses recovered in this study into account, 43% of gemycircularviruses 
were identified in New Zealand. As the first gemycircularvirus was not identified in 
New Zealand until 2013, this demonstrates the success of viral metagenomic studies 
conducted by a single research group in filling this gap in knowledge over the last few 
years. Previous studies have seen the identification of CRESS DNA virus species, 
namely SsHADV-1 and Starling circovirus isolates, in multiple countries (Dayaram et 
al., 2013a; Dayaram et al., 2015b; Kraberger et al., 2013). Therefore the discovery of 
FaGmV-14 isolates that share significant sequence similarity with MmFV 
(JN704610), a virus first discovered in M. meles faeces in the Netherlands, further 
supports the notion that gemycircularviruses and other CRESS DNA viruses may 
have a wider distribution than first thought.  
 
Twelve CRESS DNA virus isolates were identified from seven faecal samples that 
share significant sequence similarities with smacoviruses. The isolates were divided 
into ten novel smacovirus species and one previously described smacovirus species, 
PoSCV, based on genome-wide nucleotide pairwise identities. PoSCV and SaCV-9 
were the only smacoviruses identified in New Zealand prior to this study (Kraberger 
et al., 2015a; Sikorski et al., 2013a). This thesis research therefore presents the first 
baseline data on the diversity of smacoviruses circulating within New Zealand. In 
addition, a framework for the classification of smacoviruses into 23 genogroups was 
presented, as adapted from Ng et al. (2015). New Zealand smacoviruses are classified 
into twelve genogroups. Five of the genogroups contain smacoviruses recovered in 
other countries (Germany, China, South Korea, Hungary, the USA and UAE), while 
the remaining seven genogroups only contain smacoviruses identified in New 
Zealand. This demonstrates that there is significant diversity within New Zealand 
smacoviruses and within members of the proposed smacovirus grouping as a whole. 
 
Two circular molecules and the remaining eight CRESS DNA viruses identified in 
this study are highly divergent and remain unclassified. This emphasises that the 
current viral taxonomic scheme does not encompass the true diversity of the global 
virome. The circular molecules may represent single components of a 
multicomponent virus or defective molecules, as identified in other studies conducted 
 78 
in New Zealand and the Kingdom of Tonga (Kraberger et al., 2015a; Male et al., 
2016; Stainton et al., 2016). BLASTp analysis of the unclassified CRESS DNA virus 
Rep and CP ORFs showed the highest similarities to ssDNA viruses, with the 
exception of ChfCV-1 whose CP was most similar to a chimaeric virus, RDHV-like 
virus SF1 (KP406530). The capture of CP sequences from co-infecting ssRNA 
viruses is encouraged by the propensity of ssDNA virus genomes to undergo non-
homologous recombination. Stedman (2013) speculates that the incorporation of 
messenger RNA (mRNA) into the ssDNA viral genome is most likely to occur during 
priming or ligation events. This process does not preclude integration of Rep mRNA 
into ssDNA virus genomes, however the higher abundance of CP mRNA compared to 
Rep mRNA in RNA viruses and the role of the CP in virus transmission favours its 
maintenance in RNA-DNA hybrid viruses after selection (Stedman, 2013). Non-
homologous recombination is a known gene acquisition mechanism in dsDNA 
viruses, providing support for a similar process that mediates RNA capture by ssDNA 
viruses (Hendrix et al., 2000; Stedman, 2013). A number of ssDNA viruses encoding 
a CP related to unclassified ssRNA viruses have been identified in the USA (Diemer 
& Stedman, 2012; Greninger & DeRisi, 2015; Hewson et al., 2013b; Krupovic et al., 
2015; McDaniel et al., 2014; Rosario et al., 2012a) and New Zealand (Dayaram et al., 
2016; Kraberger et al., 2015a). This suggests that RNA-DNA mosaicism may be 
commonplace in nature. Natural chimeras of RNA and DNA viruses are of particular 
importance as they may provide insight into the transition from RNA-based genomes 
to DNA-based genomes. 
 
The research presented in this thesis further demonstrates that animal faecal matter is 
a successful sampling method. A large number of CRESS DNA viruses have been 
identified in faecal sources (Table 3.1), including 88% of gemycircularviruses 
identified in New Zealand and 70% of gemycircularviruses discovered globally. In 
addition, 99% of smacoviruses recovered outside New Zealand and all of the New 
Zealand smacoviruses were recovered from faecal sources. The use of animal faeces 
is an appropriate tool as it is non-invasive, supports the growth of varied host species 
and maintains the stability of viral communities (Abrahão et al., 2009; de Carvalho 
Ferreira et al., 2014; Ramos et al., 2000). The use of faecal samples in diagnostics is 
not a new concept and has been applied to the detection of viral pathogens in humans, 
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including noroviruses (Ambert-Balay & Pothier, 2013; Bavelaar et al., 2015; Khamrin 
et al., 2011; Kirby & Iturriza-Gómara, 2012; Nakamura et al., 2009).  
 
3.2 Future directions 
 
Metagenomic studies have identified a large number of unclassified CRESS DNA 
viruses, including 272 unclassified CRESS DNA virus isolates in New Zealand, 
highlighting our limited understanding of this seemingly prevalent group of viruses. 
Indeed, further investigation may reveal that these unclassified CRESS DNA viruses 
represent members of larger groupings that are yet to be explored in viral 
metagenomic studies to date. The approach applied in this dissertation could be 
extended to analyse faecal sources from different animal species and from more sites, 
including the North Island. It would be of particular interest to sample faeces of native 
and endemic birds on New Zealand’s island sanctuaries. These island sanctuaries also 
contain native and endemic plants and invertebrates that would represent unique host 
species for CRESS DNA viruses. The habitat is minimally influenced by humans and 
introduced species, therefore, these areas may represent distinctive viromes compared 
to the rest of New Zealand. The diversity of New Zealand’s island sanctuaries is 
unexplored, with the exception of Beak and feather disease virus isolates (Jackson et 
al., 2015; Massaro et al., 2012; Ortiz-Catedral et al., 2010) and eight 
gemycircularviruses (Sikorski et al., 2013d). 
 
Our understanding of CRESS DNA virus diversity in the Pacific Islands excluding 
New Zealand, is even more limited. Gemycircularviruses, cycloviruses and 
unclassified CRESS DNA viruses have been recovered from Pacific flying fox faeces 
(Male et al., 2016), signalgrass and sugarcane leaves (Male et al., 2015) and 
dragonfly abdomen (Rosario et al., 2012a) collected in Tonga. Additionally, research 
has identified pathogenic viruses of economic importance, i.e. Beak and feather 
disease virus (Jackson et al., 2014b; Julian et al., 2012) and Banana bunchy top virus 
(Karan et al., 1994; Stainton et al., 2012; Stainton et al., 2015) in New Caledonia, 
Fiji, Samoa and Tonga. This demonstrates that the global diversity of CRESS DNA 
viruses, particularly in the South Pacific is not well understood.  
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Little information is known about the ecological significance of the CRESS DNA 
viruses that have been identified. While the use of viral metagenomics enables 
efficient sampling of viruses circulating within an environment, it does not provide 
information as to the specific source of the viruses. As discussed elsewhere, 
gemycircularviruses likely infect fungi (Kraberger et al., 2015a; Liu et al., 2011; 
Rosario et al., 2012a; Sikorski et al., 2013d; Yu et al., 2010). Faecal matter is quickly 
colonised by fungi, therefore the recovery of eighteen gemycircularviruses in this 
study supports this hypothesis. Of the CRESS DNA viruses identified, infectivity 
studies have only been conducted on one gemycircularvirus, SsHADV-1 (Yu et al., 
2010). Thus, the hosts of gemycircularviruses, smacoviruses and the unclassified 
CRESS DNA viruses are unknown at this stage. Future experiments should therefore 
aim to identify specific hosts. This can be achieved using probes generated in a 
manner similar that of Ng et al. (2014). Potential host tissues can be exposed to high 
levels of the multimeric viral clones, followed by extraction and PCR amplification of 
viral DNA using abutting primers that are designed based on complete genomes of 
CRESS DNA viruses. Application of this procedure to different host species can 
therefore identify the host range of recovered CRESS DNA viruses.  
 
Additionally, specific probes can be used to investigate the presence of CRESS DNA 
viruses in tissue or blood samples of diseased animals. If the virus is present in animal 
tissue, this presents a risk of transmission and pathogenicity in humans. Specific 
probes therefore represent a cost-effective surveillance method to identify and 
monitor the presence of pathogenic CRESS DNA viruses in animals and humans. 
Future studies should also investigate possible applications of these viruses, such as 
their efficacy as potential biocontrol agents (Yu et al., 2013; Yu et al., 2010). 
Experimental evidence suggests that SsHADV-1 induces hypovirulence in its fungal 
host and may be a suitable candidate as a biocontrol agent against S. sclerotiorum- 
induced crop diseases (Yu et al., 2013). A study where archived gemycircularviruses 
and fungal samples were screened for hypovirulence-associated factors would be 
beneficial in New Zealand, as diverse fungal pathogens are known to infect 
economically important trees and grapevines (Crane et al., 2009; Hood et al., 2015; 
Pathrose et al., 2014; Spiers, 1998; Watt et al., 2011).  
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Table 3.1: Description of CRESS DNA viruses and circular molecules identified from faecal sources as of the 5th of January 2016 
 
Accession # CRESS DNA virus / molecule name Country Sample type  Isolation source Common name Reference 
AB937980 Cyclovirus ZM32 Zambia Faeces Mastomys natalensis Natal multimammate mouse (Sasaki et al., 2015) 
AB937981 Cyclovirus ZM01 Zambia Faeces Crocidura hirta Lesser red musk shrew (Sasaki et al., 2015) 
AB937982 Cyclovirus ZM36a Zambia Faeces Crocidura hirta Lesser red musk shrew (Sasaki et al., 2015) 
AB937983 Cyclovirus ZM38 Zambia Faeces Crocidura hirta Lesser red musk shrew (Sasaki et al., 2015) 
AB937984 Cyclovirus ZM41 Zambia Faeces Crocidura hirta Lesser red musk shrew (Sasaki et al., 2015) 
AB937985 Cyclovirus ZM50a Zambia Faeces Crocidura luna Lesser red musk shrew (Sasaki et al., 2015) 
AB937986 Cyclovirus ZM54 Zambia Faeces Crocidura hirta Lesser red musk shrew (Sasaki et al., 2015) 
AB937987 Cyclovirus ZM62 Zambia Faeces Crocidura hirta Lesser red musk shrew (Sasaki et al., 2015) 
GQ351272 Chimpanzee stool associated circular ssDNA virus Cameroon Faeces Pan troglodytes  Chimpanzee (Blinkova et al., 2010) 
GQ351273 Chimpanzee stool associated circular ssDNA virus Tanzania Faeces Pan troglodytes  Chimpanzee (Blinkova et al., 2010) 
GQ351274 Chimpanzee stool associated circular ssDNA virus Tanzania Faeces Pan troglodytes  Chimpanzee (Blinkova et al., 2010) 
GQ351275 Chimpanzee stool associated circular ssDNA virus Tanzania Faeces Pan troglodytes  Chimpanzee (Blinkova et al., 2010) 
GQ351276 Chimpanzee stool associated circular ssDNA virus Tanzania Faeces Pan troglodytes  Chimpanzee (Blinkova et al., 2010) 
GQ351277 Chimpanzee stool associated circular ssDNA virus Tanzania Faeces Pan troglodytes  Chimpanzee (Blinkova et al., 2010) 
GQ351278 Chimpanzee stool associated circular ssDNA virus Republic of the Congo Faeces Pan troglodytes  Chimpanzee (Blinkova et al., 2010) 
GQ404844 Cyclovirus PK5006 Pakistan Faeces Homo sapiens Human (Li et al., 2010a) 
GQ404845 Cyclovirus PK5034 Pakistan Faeces Homo sapiens Human (Li et al., 2010a) 
GQ404846 Cyclovirus PK5222 Pakistan Faeces Homo sapiens Human (Li et al., 2010a) 
GQ404847 Cyclovirus PK5510 Pakistan Faeces Homo sapiens Human (Li et al., 2010a) 
GQ404848 Cyclovirus PK6197 Pakistan Faeces Homo sapiens Human (Li et al., 2010a) 
GQ404849 Cyclovirus Chimp11 Central Africa Faeces Pan troglodytes Chimpanzee (Li et al., 2010a) 
GQ404850 Cyclovirus Chimp12 Central Africa Faeces Pan troglodytes Chimpanzee (Li et al., 2010a) 
GQ404854 Cyclovirus NG12 Nigeria Faeces Homo sapiens Human (Li et al., 2010a) 
GQ404855 Cyclovirus NG14 Nigeria Faeces Homo sapiens Human (Li et al., 2010a) 
GQ404856 Human stool-associated circular virus NG13 Nigeria Faeces Homo sapiens Human (Li et al., 2010a) 
GQ404857 Cyclovirus TN25 Tunisia Faeces Homo sapiens Human (Li et al., 2010a) 
GQ404858 Cyclovirus TN18 Tunisia Faeces Homo sapiens Human (Li et al., 2010a) 
HM228874 Bat cyclovirus GF-4c USA Faeces Antrozous pallidus Bat (Li et al., 2010b) 
HM228875 Circoviridae TM-6c USA Faeces Tadarida brasiliensis Bat (Li et al., 2010b) 
JF713716 Po-Circo-like virus 21 USA Faeces Sus scrofa Pig (Shan et al., 2011) 
JF713717 Po-Circo-like virus 22 USA Faeces Sus scrofa Pig (Shan et al., 2011) 
JF713718 Po-Circo-like virus 41 USA Faeces Sus scrofa Pig (Shan et al., 2011) 
JF713719 Po-Circo-like virus 51 USA Faeces Sus scrofa Pig (Shan et al., 2011) 
JF755401 Rodent stool-associated circular genome virus USA Faeces Neotoma cinerea Bushy-tailed woodrat (Phan et al., 2011) 
JF755402 Rodent stool-associated circular genome virus USA Faeces Microtus pennsylvanicus Meadow vole (Phan et al., 2011) 
JF755403 Rodent stool-associated circular genome virus USA Faeces Microtus pennsylvanicus Meadow vole (Phan et al., 2011) 
JF755404 Rodent stool-associated circular genome virus USA Faeces Microtus pennsylvanicus Meadow vole (Phan et al., 2011) 
JF755405 Rodent stool-associated circular genome virus USA Faeces Microtus pennsylvanicus Meadow vole (Phan et al., 2011) 
JF755406 Rodent stool-associated circular genome virus USA Faeces Microtus pennsylvanicus Meadow vole (Phan et al., 2011) 
JF755407 Rodent stool-associated circular genome virus USA Faeces Microtus pennsylvanicus Meadow vole (Phan et al., 2011) 
JF755408 Rodent stool-associated circular genome virus USA Faeces Mus musculus House mouse (Phan et al., 2011) 
JF755409 Rodent stool-associated circular genome virus USA Faeces Mus musculus House mouse (Phan et al., 2011) 
JF755410 Rodent stool-associated circular genome virus USA Faeces Peromyscus truei Pinyon mouse (Phan et al., 2011) 
JF755411 Rodent stool-associated circular genome virus USA Faeces Microtus pennsylvanicus Meadow vole (Phan et al., 2011) 
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JF755412 Rodent stool-associated circular genome virus USA Faeces Microtus pennsylvanicus Meadow vole (Phan et al., 2011) 
JF755413 Rodent stool-associated circular genome virus USA Faeces Microtus pennsylvanicus Meadow vole (Phan et al., 2011) 
JF755414 Rodent stool-associated circular genome virus USA Faeces Microtus pennsylvanicus Meadow vole (Phan et al., 2011) 
JF755415 Rodent stool-associated circular genome virus USA Faeces Mus musculus House mouse (Phan et al., 2011) 
JF755416 Rodent stool-associated circular genome virus USA Faeces Microtus pennsylvanicus Meadow vole (Phan et al., 2011) 
JF755417 Rodent stool-associated circular genome virus USA Faeces Microtus pennsylvanicus Meadow vole (Phan et al., 2011) 
JF938078 Bat circovirus ZS/China/2011 China Faeces - Bat (Ge et al., 2011) 
JF938079 Bat circovirus ZS/China/2011 China Faeces - Bat (Ge et al., 2011) 
JF938080 Bat circovirus ZS/China/2011 China Faeces - Bat (Ge et al., 2011) 
JF938081 Bat circovirus ZS/China/2011 China Faeces - Bat (Ge et al., 2011) 
JF938082 Bat circovirus ZS/China/2011 China Faeces - Bat (Ge et al., 2011) 
JN377562 Bat circovirus ZS/Yunnan-China/2009 China Faeces - Bat (Ge et al., 2011) 
JN377566 Bat circovirus ZS/Yunnan-China/2009 China Faeces - Bat (Ge et al., 2011) 
JN377580 Bat circovirus ZS/Yunnan-China/2009 China Faeces - Bat (Ge et al., 2011) 
JN634851 Bovine stool-associated circular virus South Korea Faeces Bos taurus Cow (Kim et al., 2012) 
JN704610 Meles meles fecal virus Netherlands Rectal swab Meles meles European badger (van den Brand et al., 2012) 
JN857329 Circoviridae batCV-SC703 China Faeces - Bat (Ge et al., 2012) 
JQ023166 Pig stool associated circular ssDNA virus GER2011 Germany Faeces Sus scrofa Pig (Sachsenröder et al., 2012) 
JQ898331 Baminivirus Thailand Sewage Untreated sewage - (Ng et al., 2012) 
JQ898332 Niminivirus Nigeria Sewage Untreated sewage - (Ng et al., 2012) 
JQ898333 Nepavirus Nepal Sewage Untreated sewage - (Ng et al., 2012) 
JX274036 Porcine associated stool circular virus New Zealand Faeces Sus scrofa Pig (Sikorski et al., 2013a) 
JX305991 Pig stool associated circular ssDNA virus China Faeces Sus scrofa Pig Unpublished 
JX305992 Pig stool associated circular ssDNA virus China Faeces Sus scrofa Pig Unpublished 
JX305993 Pig stool associated circular ssDNA virus China Faeces Sus scrofa Pig Unpublished 
JX305994 Pig stool associated circular ssDNA virus China Faeces Sus scrofa Pig Unpublished 
JX305995 Pig stool associated circular ssDNA virus China Faeces Sus scrofa Pig Unpublished 
JX305996 Pig stool associated circular ssDNA virus China Faeces Sus scrofa Pig Unpublished 
JX305997 Pig stool associated circular ssDNA virus China Faeces Sus scrofa Pig Unpublished 
JX305998 Pig stool associated circular ssDNA virus China Faeces Sus scrofa Pig Unpublished 
JX559621 Circo-like virus-Brazil hs1 Brazil Faeces Homo sapiens Human (Castrignano et al., 2013) 
JX559622 Circo-like virus-Brazil hs2 Brazil Faeces Homo sapiens Human (Castrignano et al., 2013) 
KC241984 Canine circovirus USA Faeces Canis lupus familiaris Dog (Li et al., 2013) 
KC545226 Porcine stool-associated circular virus 2 USA Faeces Sus scrofa Pig (Cheung et al., 2013) 
KC545227 Porcine stool-associated circular virus 3 USA Faeces Sus scrofa Pig (Cheung et al., 2013) 
KC545228 Porcine stool-associated circular virus 3 USA Faeces Sus scrofa Pig (Cheung et al., 2013) 
KC545229 Porcine stool-associated circular virus 3 USA Faeces Sus scrofa Pig (Cheung et al., 2013) 
KC545230 Porcine stool-associated circular virus 3 USA Faeces Sus scrofa Pig (Cheung et al., 2013) 
KF031470 Cyclovirus VN Viet Nam Faeces Sus scrofa Pig (Tan et al., 2013) 
KF031471 Cyclovirus VN Viet Nam Faeces Gallus gallus Red junglefowl (Tan et al., 2013) 
KF193403 PoSCV Kor J481 South Korea Faeces Sus scrofa Pig (Kim et al., 2014) 
KF246569 Fur seal faeces associated circular DNA virus New Zealand Faeces Arctocephalus forsteri New Zealand fur seal (Sikorski et al., 2013b) 
KF371630 Faecal-associated gemycircularvirus 12 New Zealand Faeces Struthio camelus Ostrich (Sikorski et al., 2013d) 
KF371631 Faecal-associated gemycircularvirus 11 New Zealand Faeces Oryctolagus cuniculus European rabbit (Sikorski et al., 2013d) 
KF371632 Faecal-associated gemycircularvirus 10 New Zealand Faeces Sturnus vulgaris Starling (Sikorski et al., 2013d) 
KF371633 Faecal-associated gemycircularvirus 9 New Zealand Faeces Turdus merula Blackbird (Sikorski et al., 2013d) 
KF371634 Faecal-associated gemycircularvirus 8 New Zealand Faeces Petroica traversi Black robin (Sikorski et al., 2013d) 
KF371635 Faecal-associated gemycircularvirus 7 New Zealand Faeces Anas platyrhynchos Duck (Sikorski et al., 2013d) 
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KF371636 Faecal-associated gemycircularvirus 6 New Zealand Faeces Gerygone albofrontata Chatham Island Warbler (Sikorski et al., 2013d) 
KF371637 Faecal-associated gemycircularvirus 5 New Zealand Faeces Gerygone albofrontata Chatham Island Warbler (Sikorski et al., 2013d) 
KF371638 Faecal-associated gemycircularvirus 4 New Zealand Faeces Arctocephalus forsteri New Zealand Fur Seal (Sikorski et al., 2013d) 
KF371639 Faecal-associated gemycircularvirus 3 New Zealand Faeces Gerygone albofrontata Chatham Island Warbler (Sikorski et al., 2013d) 
KF371640 Faecal-associated gemycircularvirus 2 New Zealand Faeces Sus scrofa Pig (Sikorski et al., 2013d) 
KF371641 Faecal-associated gemycircularvirus 1c New Zealand Faeces Turdus merula Blackbird (Sikorski et al., 2013d) 
KF371642 Faecal-associated gemycircularvirus 1b New Zealand Faeces Turdus merula Blackbird (Sikorski et al., 2013d) 
KF371643 Faecal-associated gemycircularvirus 1a New Zealand Faeces Ovis aries Sheep (Sikorski et al., 2013d) 
KF880727 Turkey stool associated circular ssDNA virus Hungary Faeces Meleagris gallopavo  Domestic turkey (Reuter et al., 2014) 
KJ206566 Human circovirus VS6600022 Netherlands Faeces Homo sapiens Human (Smits et al., 2014) 
KJ417134 Porcine stool-associated circular virus 4 USA Faeces Sus scrofa Pig (Cheung et al., 2014b) 
KJ433989 Porcine stool-associated circular virus 5 USA Faeces Sus scrofa Pig (Cheung et al., 2014a) 
KJ547618 Sewage-associated circular DNA molecule-1 New Zealand Sewage Sewage oxidation pond - (Kraberger et al., 2015a) 
KJ547619 Sewage-associated circular DNA molecule-3 New Zealand Sewage Sewage oxidation pond - (Kraberger et al., 2015a) 
KJ547620 Sewage-associated circular DNA virus-1 New Zealand Sewage Sewage oxidation pond - (Kraberger et al., 2015a) 
KJ547621 Sewage-associated circular DNA virus-10 New Zealand Sewage Sewage oxidation pond - (Kraberger et al., 2015a) 
KJ547622 Sewage-associated circular DNA virus-11 New Zealand Sewage Sewage oxidation pond - (Kraberger et al., 2015a) 
KJ547623 Sewage-associated circular DNA virus-12 New Zealand Sewage Sewage oxidation pond - (Kraberger et al., 2015a) 
KJ547624 Sewage-associated circular DNA virus-13 New Zealand Sewage Sewage oxidation pond - (Kraberger et al., 2015a) 
KJ547625 Sewage-associated circular DNA virus-14 New Zealand Sewage Sewage oxidation pond - (Kraberger et al., 2015a) 
KJ547626 Sewage-associated circular DNA virus-2 New Zealand Sewage Sewage oxidation pond - (Kraberger et al., 2015a) 
KJ547627 Sewage-associated circular DNA virus-3 New Zealand Sewage Sewage oxidation pond - (Kraberger et al., 2015a) 
KJ547628 Sewage-associated circular DNA virus-4 New Zealand Sewage Sewage oxidation pond - (Kraberger et al., 2015a) 
KJ547629 Sewage-associated circular DNA virus-5 New Zealand Sewage Sewage oxidation pond - (Kraberger et al., 2015a) 
KJ547630 Sewage-associated circular DNA virus-6 New Zealand Sewage Sewage oxidation Sond - (Kraberger et al., 2015a) 
KJ547631 Sewage-associated circular DNA virus-7 New Zealand Sewage Sewage oxidation Sond - (Kraberger et al., 2015a) 
KJ547632 Sewage-associated circular DNA virus-8 New Zealand Sewage Sewage oxidation pond - (Kraberger et al., 2015a) 
KJ547633 Sewage-associated circular DNA virus-9 New Zealand Sewage Sewage oxidation pond - (Kraberger et al., 2015a) 
KJ547634 Sewage-associated gemycircularvirus-4 New Zealand Sewage Sewage oxidation pond - (Kraberger et al., 2015a) 
KJ547635 Sewage-associated gemycircularvirus-5 New Zealand Sewage Sewage oxidation pond - (Kraberger et al., 2015a) 
KJ547636 Sewage-associated gemycircularvirus-6 New Zealand Sewage Sewage oxidation pond - (Kraberger et al., 2015a) 
KJ547637 Sewage-associated gemycircularvirus-7a New Zealand Sewage Sewage oxidation pond - (Kraberger et al., 2015a) 
KJ547638 Sewage-associated gemycircularvirus-8 New Zealand Sewage Sewage oxidation pond - (Kraberger et al., 2015a) 
KJ547639 Sewage-associated gemycircularvirus-9 New Zealand Sewage Sewage oxidation pond - (Kraberger et al., 2015a) 
KJ547640 Sewage-associated gemycircularvirus-7b New Zealand Sewage Sewage oxidation pond - (Kraberger et al., 2015a) 
KJ547641 Sewage-associated gemycircularvirus-11 New Zealand Sewage Sewage oxidation pond - (Kraberger et al., 2015a) 
KJ547642 Sewage-associated gemycircularvirus-2 New Zealand Sewage Sewage oxidation pond - (Kraberger et al., 2015a) 
KJ547643 Sewage-associated gemycircularvirus-3 New Zealand Sewage Sewage oxidation pond - (Kraberger et al., 2015a) 
KJ547644 Sewage-associated gemycircularvirus-10a New Zealand Sewage Sewage oxidation pond - (Kraberger et al., 2015a) 
KJ547645 Sewage-associated gemycircularvirus-10b New Zealand Sewage Sewage oxidation pond - (Kraberger et al., 2015a) 
KJ577810 Porcine stool-associated circular virus-1 USA Faeces Sus scrofa domesticus Pig (Cheung et al., 2015) 
KJ577811 Porcine stool-associated circular virus-1 USA Faeces Sus scrofa domesticus Pig (Cheung et al., 2015) 
KJ577812 Porcine stool-associated circular virus-7 USA Faeces Sus scrofa domesticus Pig (Cheung et al., 2015) 
KJ577813 Porcine stool-associated circular virus-7 USA Faeces Sus scrofa domesticus Pig (Cheung et al., 2015) 
KJ577814 Porcine stool-associated circular virus-7 USA Faeces Sus scrofa domesticus Pig (Cheung et al., 2015) 
KJ577815 Porcine stool-associated circular virus-7 USA Faeces Sus scrofa domesticus Pig (Cheung et al., 2015) 
KJ577816 Porcine stool-associated circular virus-9 USA Faeces Sus scrofa domesticus Pig (Cheung et al., 2015) 
KJ577817 Porcine stool-associated circular virus-8 USA Faeces Sus scrofa domesticus Pig (Cheung et al., 2015) 
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KJ577818 Porcine stool-associated circular virus-2 USA Faeces Sus scrofa domesticus Pig (Cheung et al., 2015) 
KJ577819 Porcine stool-associated circular virus-6 USA Faeces Sus scrofa domesticus Pig (Cheung et al., 2015) 
KJ641719 Bat gemycircularvirus 23 GD2012 China Pharyngeal & rectal swabs Miniopterus fuliginosus Bat (Wu et al., 2015) 
KJ641726 Bat gemycircularvirus 8 NM2013 China Pharyngeal & rectal swabs Rhinolophus ferrumequinum Bat (Wu et al., 2015) 
KJ641737 Bat gemycircularvirus Tibet2013 China Pharyngeal & rectal swabs Rhinolophus hipposideros Bat (Wu et al., 2015) 
KJ938716 Ancient caribou feces associated virus Canada Faeces Rangifer tarandus Caribou (Ng et al., 2014) 
KJ938717 Caribou feces-associated gemycircularvirus Canada Faeces Rangifer tarandus Caribou (Ng et al., 2014) 
KM017740 Feline cyclovirus USA Faeces Felis catus Cat (Zhang et al., 2014) 
KM382269 Bat circovirus POA/2012/II Brazil Faeces Molossus molossus, Tadarida brasiliensis Bat (Lima et al., 2015) 
KM382270 Bat circovirus POA/2012/VI Brazil Faeces Molossus molossus, Tadarida brasiliensis Bat (Lima et al., 2015) 
KM382271 Bat circovirus POA/2012/I Brazil Faeces Molossus molossus, Tadarida brasiliensis Bat (Lima et al., 2015) 
KM382272 Bat circovirus POA/2012/V Brazil Faeces Molossus molossus, Tadarida brasiliensis Bat (Lima et al., 2015) 
KM392284 Swine cyclovirus Cameroon Faeces Sus scrofa Pig (Garigliany et al., 2014) 
KM392285 Swine cyclovirus Cameroon Faeces Sus scrofa Pig (Garigliany et al., 2014) 
KM392286 Swine cyclovirus Cameroon Faeces Sus scrofa Pig (Garigliany et al., 2014) 
KM392287 Human cyclovirus VN-like Madagascar Faeces Homo sapiens Human (Garigliany et al., 2014) 
KM392288 Human cyclovirus VN-like Madagascar Faeces Homo sapiens Human (Garigliany et al., 2014) 
KM392289 Human cyclovirus VN-like Madagascar Faeces Homo sapiens Human (Garigliany et al., 2014) 
KM573763 Dromedary stool-associated circular ssDNA virus United Arab Emirates Faeces Camelus dromedarius Dromedary camel (Woo et al., 2014) 
KM573764 Dromedary stool-associated circular ssDNA virus United Arab Emirates Faeces Camelus dromedarius Dromedary camel (Woo et al., 2014) 
KM573765 Dromedary stool-associated circular ssDNA virus United Arab Emirates Faeces Camelus dromedarius Dromedary camel (Woo et al., 2014) 
KM573766 Dromedary stool-associated circular ssDNA virus United Arab Emirates Faeces Camelus dromedarius Dromedary camel (Woo et al., 2014) 
KM573767 Dromedary stool-associated circular ssDNA virus United Arab Emirates Faeces Camelus dromedarius Dromedary camel (Woo et al., 2014) 
KM573768 Dromedary stool-associated circular ssDNA virus United Arab Emirates Faeces Camelus dromedarius Dromedary camel (Woo et al., 2014) 
KM573769 Dromedary stool-associated circular ssDNA virus United Arab Emirates Faeces Camelus dromedarius Dromedary camel (Woo et al., 2014) 
KM573770 Dromedary stool-associated circular ssDNA virus United Arab Emirates Faeces Camelus dromedarius Dromedary camel (Woo et al., 2014) 
KM573771 Dromedary stool-associated circular ssDNA virus United Arab Emirates Faeces Camelus dromedarius Dromedary camel (Woo et al., 2014) 
KM573772 Dromedary stool-associated circular ssDNA virus United Arab Emirates Faeces Camelus dromedarius Dromedary camel (Woo et al., 2014) 
KM573773 Dromedary stool-associated circular ssDNA virus United Arab Emirates Faeces Camelus dromedarius Dromedary camel (Woo et al., 2014) 
KM573774 Dromedary stool-associated circular ssDNA virus United Arab Emirates Faeces Camelus dromedarius Dromedary camel (Woo et al., 2014) 
KM573775 Dromedary stool-associated circular ssDNA virus United Arab Emirates Faeces Camelus dromedarius Dromedary camel (Woo et al., 2014) 
KM573776 Dromedary stool-associated circular ssDNA virus United Arab Emirates Faeces Camelus dromedarius Dromedary camel (Woo et al., 2014) 
KM821747 Sewage-associated gemycircularvirus-1 New Zealand Sewage Sewage oxidation pond - (Kraberger et al., 2015a) 
KM821748 Sewage-associated circular DNA virus-36 New Zealand Sewage Sewage oxidation pond - (Kraberger et al., 2015a) 
KM821749 Sewage-associated circular DNA virus-37 New Zealand Sewage Sewage oxidation pond - (Kraberger et al., 2015a) 
KM821750 Sewage-associated circular DNA virus-15 New Zealand Sewage Sewage oxidation pond - (Kraberger et al., 2015a) 
KM821751 Sewage-associated circular DNA virus-16 New Zealand Sewage Sewage oxidation pond - (Kraberger et al., 2015a) 
KM821752 Sewage-associated circular DNA virus-17 New Zealand Sewage Sewage oxidation pond - (Kraberger et al., 2015a) 
KM821753 Sewage-associated circular DNA virus-18 New Zealand Sewage Sewage oxidation pond - (Kraberger et al., 2015a) 
KM821754 Sewage-associated circular DNA virus-19 New Zealand Sewage Sewage oxidation pond - (Kraberger et al., 2015a) 
KM821755 Sewage-associated circular DNA virus-20 New Zealand Sewage Sewage oxidation pond - (Kraberger et al., 2015a) 
KM821756 Sewage-associated circular DNA virus-21 New Zealand Sewage Sewage oxidation pond - (Kraberger et al., 2015a) 
KM821757 Sewage-associated circular DNA virus-22 New Zealand Sewage Sewage oxidation pond - (Kraberger et al., 2015a) 
KM821758 Sewage-associated circular DNA virus-23 New Zealand Sewage Sewage oxidation pond - (Kraberger et al., 2015a) 
KM821759 Sewage-associated circular DNA virus-24 New Zealand Sewage Sewage oxidation pond - (Kraberger et al., 2015a) 
KM821760 Sewage-associated circular DNA virus-25 New Zealand Sewage Sewage oxidation pond - (Kraberger et al., 2015a) 
KM821761 Sewage-associated circular DNA virus-26 New Zealand Sewage Sewage oxidation pond - (Kraberger et al., 2015a) 
KM821762 Sewage-associated circular DNA virus-27 New Zealand Sewage Sewage oxidation pond - (Kraberger et al., 2015a) 
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KM821763 Sewage-associated circular DNA virus-28 New Zealand Sewage Sewage oxidation pond - (Kraberger et al., 2015a) 
KM821764 Sewage-associated circular DNA virus-29 New Zealand Sewage Sewage oxidation pond - (Kraberger et al., 2015a) 
KM821765 Sewage-associated circular DNA virus-30 New Zealand Sewage Sewage oxidation pond - (Kraberger et al., 2015a) 
KM821766 Sewage-associated circular DNA virus-31 New Zealand Sewage Sewage oxidation pond - (Kraberger et al., 2015a) 
KM821767 Sewage-associated circular DNA virus-32 New Zealand Sewage Sewage oxidation pond - (Kraberger et al., 2015a) 
KM821768 Sewage-associated circular DNA virus-33 New Zealand Sewage Sewage oxidation pond - (Kraberger et al., 2015a) 
KM821769 Sewage-associated circular DNA virus-34 New Zealand Sewage Sewage oxidation pond - (Kraberger et al., 2015a) 
KM821770 Sewage-associated circular DNA virus-35 New Zealand Sewage Sewage oxidation pond - (Kraberger et al., 2015a) 
KM877832 Sewage-associated circular DNA molecule-10 New Zealand Sewage  Sewage oxidation pond - (Kraberger et al., 2015a) 
KM877833 Sewage-associated circular DNA molecule-11 New Zealand Sewage  Sewage oxidation pond - (Kraberger et al., 2015a) 
KP133078 Gemycircularvirus BZ1 Brazil Faeces Homo sapiens Human (Phan et al., 2015) 
KP133079 Gemycircularvirus BZ2 Brazil Faeces Homo sapiens Human (Phan et al., 2015) 
KP133080 Gemycircularvirus NP Nepal Sewage Untreated sewage - (Phan et al., 2015) 
KP151567 Cyclovirus NI-204 Nicaragua Faeces Homo sapiens Human (Phan et al., 2015) 
KP233174 Human smacovirus 1 France Faeces Homo sapiens Human (Ng et al., 2015) 
KP233175 Human smacovirus 1 France Faeces Homo sapiens Human (Ng et al., 2015) 
KP233176 Human smacovirus 1 France Faeces Homo sapiens Human (Ng et al., 2015) 
KP233177 Human smacovirus 1 France Faeces Homo sapiens Human (Ng et al., 2015) 
KP233178 Human smacovirus 1 France Faeces Homo sapiens Human (Ng et al., 2015) 
KP233179 Human smacovirus 1 France Faeces Homo sapiens Human (Ng et al., 2015) 
KP233180 Human smacovirus 1 USA Faeces Homo sapiens Human (Ng et al., 2015) 
KP233181 Human smacovirus 1 USA Faeces Homo sapiens Human (Ng et al., 2015) 
KP233182 Human smacovirus 1 USA Faeces Homo sapiens Human (Ng et al., 2015) 
KP233183 Human smacovirus 1 USA Faeces Homo sapiens Human (Ng et al., 2015) 
KP233184 Human smacovirus 1 USA Faeces Homo sapiens Human (Ng et al., 2015) 
KP233185 Human smacovirus 1 USA Faeces Homo sapiens Human (Ng et al., 2015) 
KP233186 Human smacovirus 1 USA Faeces Homo sapiens Human (Ng et al., 2015) 
KP233187 Human smacovirus 1 USA Faeces Homo sapiens Human (Ng et al., 2015) 
KP233188 Human smacovirus 1 USA Faeces Homo sapiens Human (Ng et al., 2015) 
KP233189 Black howler monkey smacovirus USA Faeces Alouatta caraya Black howler monkey (Ng et al., 2015) 
KP233190 Chimpanzee smacovirus USA Faeces Pan troglodytes Chimpanzee (Ng et al., 2015) 
KP233191 Gorilla smacovirus USA Faeces Gorilla gorilla Gorilla (Ng et al., 2015) 
KP233192 Gorilla smacovirus USA Faeces Gorilla gorilla Gorilla (Ng et al., 2015) 
KP233193 Human smacovirus 1 USA Faeces Homo sapiens Human (Ng et al., 2015) 
KP233194 Lemur smacovirus USA Faeces Lemur catta Ring-tailed lemur (Ng et al., 2015) 
KP263543 Badger feces-associated gemycircularvirus Portugal Faeces Meles meles European Badger (Conceicao-Neto et al., 2015) 
KP263544 Mongoose feces-associated gemycircularvirus a Portugal Faeces Herpestes ichneumon Egyptian Mongoose (Conceicao-Neto et al., 2015) 
KP263545 Mongoose feces-associated gemycircularvirus b Portugal Faeces Herpestes ichneumon Egyptian Mongoose (Conceicao-Neto et al., 2015) 
KP263546 Mongoose feces-associated gemycircularvirus c Portugal Faeces Herpestes ichneumon Egyptian Mongoose (Conceicao-Neto et al., 2015) 
KP263547 Mongoose feces-associated gemycircularvirus d Portugal Faeces Herpestes ichneumon Egyptian Mongoose (Conceicao-Neto et al., 2015) 
KP264964 Human smacovirus 1 France Faeces Homo sapiens Human (Ng et al., 2015) 
KP264965 Human smacovirus 1 France Faeces Homo sapiens Human (Ng et al., 2015) 
KP264966 Human smacovirus 1 France Faeces Homo sapiens Human (Ng et al., 2015) 
KP264967 Human smacovirus 1 France Faeces Homo sapiens Human (Ng et al., 2015) 
KP264968 Human smacovirus 1 France Faeces Homo sapiens Human (Ng et al., 2015) 
KP264969 Human smacovirus 1 France Faeces Homo sapiens Human (Ng et al., 2015) 
KP860906 Rat stool-associated circular ssDNA virus Germany Faeces; intestinal content Rattus norvegicus Rat (Sachsenröder et al., 2014) 
KP860907 Rat stool-associated circular ssDNA virus Germany Faeces; intestinal content Rattus norvegicus Rat (Sachsenröder et al., 2014) 
 86 
KP860908 Rat stool-associated circular ssDNA virus Germany Faeces; intestinal content Rattus norvegicus Rat (Sachsenröder et al., 2014) 
KP941114 Fox circovirus Croatia Faeces Vulpes vulpes Red Fox Unpublished 
KT600065 Human feces PeCV-PE Peru Faeces Homo sapiens Human (Phan et al., 2016) 
KT600066 Human feces PeCV-NI Nicaragua Faeces Homo sapiens Human (Phan et al., 2016) 
KT600067 Human feces PeCV-CH Chile Faeces Homo sapiens Human (Phan et al., 2016) 
KT600068 Human feces smacovirus 2 Peru Faeces Homo sapiens Human (Phan et al., 2016) 
KT600069 Human feces smacovirus 3 Peru Faeces Homo sapiens Human (Phan et al., 2016) 
KT732783 Pacific flying fox faeces associated circular DNA molecule-1 Tonga Faeces Pteropus tonganus Pacific flying fox (Male et al., 2016) 
KT732784   Pacific flying fox faeces associated circular DNA virus-9 Tonga Faeces  Pteropus tonganus Pacific flying fox (Male et al., 2016) 
KT732785 Pacific flying fox associated cyclovirus-1 Tonga Faeces  Pteropus tonganus Pacific flying fox (Male et al., 2016) 
KT732786 Pacific flying fox associated cyclovirus-2 Tonga Faeces  Pteropus tonganus Pacific flying fox (Male et al., 2016) 
KT732787 Pacific flying fox associated cyclovirus-3 Tonga Faeces  Pteropus tonganus Pacific flying fox (Male et al., 2016) 
KT732788 Pacific flying fox associated cyclovirus-3 Tonga Faeces Pteropus tonganus Pacific flying fox (Male et al., 2016) 
KT732789 Pacific flying fox associated cyclovirus-3 Tonga Faeces Pteropus tonganus Pacific flying fox (Male et al., 2016) 
KT732790 Pacific flying fox faeces associated gemycircularvirus-1 Tonga Faeces Pteropus tonganus Pacific flying fox (Male et al., 2016) 
KT732791 Pacific flying fox faeces associated gemycircularvirus-1 Tonga Faeces Pteropus tonganus Pacific flying fox (Male et al., 2016) 
KT732792 Pacific flying fox faeces associated gemycircularvirus-2 Tonga Faeces Pteropus tonganus Pacific flying fox (Male et al., 2016) 
KT732793 Pacific flying fox faeces associated gemycircularvirus-2 Tonga Faeces Pteropus tonganus Pacific flying fox (Male et al., 2016) 
KT732794 Pacific flying fox faeces associated gemycircularvirus-3 Tonga Faeces Pteropus tonganus Pacific flying fox (Male et al., 2016) 
KT732795 Pacific flying fox faeces associated gemycircularvirus-4 Tonga Faeces Pteropus tonganus Pacific flying fox (Male et al., 2016) 
KT732796 Pacific flying fox faeces associated gemycircularvirus-4 Tonga Faeces Pteropus tonganus Pacific flying fox (Male et al., 2016) 
KT732797 Pacific flying fox faeces associated gemycircularvirus-5 Tonga Faeces Pteropus tonganus Pacific flying fox (Male et al., 2016) 
KT732798  Pacific flying fox faeces associated gemycircularvirus-6 Tonga Faeces Pteropus tonganus Pacific flying fox (Male et al., 2016) 
KT732799  Pacific flying fox faeces associated gemycircularvirus-6 Tonga Faeces Pteropus tonganus Pacific flying fox (Male et al., 2016) 
KT732800  Pacific flying fox faeces associated gemycircularvirus-7 Tonga Faeces Pteropus tonganus Pacific flying fox (Male et al., 2016) 
KT732801  Pacific flying fox faeces associated gemycircularvirus-8 Tonga Faeces Pteropus tonganus Pacific flying fox (Male et al., 2016) 
KT732802  Pacific flying fox faeces associated gemycircularvirus-8 Tonga Faeces Pteropus tonganus Pacific flying fox (Male et al., 2016) 
KT732803  Pacific flying fox faeces associated gemycircularvirus-9 Tonga Faeces Pteropus tonganus Pacific flying fox (Male et al., 2016) 
KT732804  Pacific flying fox faeces associated gemycircularvirus-10 Tonga Faeces Pteropus tonganus Pacific flying fox (Male et al., 2016) 
KT732805  Pacific flying fox faeces associated gemycircularvirus-10 Tonga Faeces Pteropus tonganus Pacific flying fox (Male et al., 2016) 
KT732806  Pacific flying fox faeces associated gemycircularvirus-14 Tonga Faeces Pteropus tonganus Pacific flying fox (Male et al., 2016) 
KT732807  Pacific flying fox faeces associated gemycircularvirus-11 Tonga Faeces Pteropus tonganus Pacific flying fox (Male et al., 2016) 
KT732808  Pacific flying fox faeces associated gemycircularvirus-11 Tonga Faeces Pteropus tonganus Pacific flying fox (Male et al., 2016) 
KT732809 Pacific flying fox faeces associated gemycircularvirus-11 Tonga Faeces Pteropus tonganus Pacific flying fox (Male et al., 2016) 
KT732810 Pacific flying fox faeces associated gemycircularvirus-11 Tonga Faeces Pteropus tonganus Pacific flying fox (Male et al., 2016) 
KT732811 Pacific flying fox faeces associated gemycircularvirus-11 Tonga Faeces Pteropus tonganus Pacific flying fox (Male et al., 2016) 
KT732812 Pacific flying fox faeces associated gemycircularvirus-11 Tonga Faeces Pteropus tonganus Pacific flying fox (Male et al., 2016) 
KT732813 Pacific flying fox faeces associated gemycircularvirus-12 Tonga Faeces Pteropus tonganus Pacific flying fox (Male et al., 2016) 
KT732814 Pacific flying fox faeces associated gemycircularvirus-13 Tonga Faeces Pteropus tonganus Pacific flying fox (Male et al., 2016) 
KT732815 Pacific flying fox associated multicomponent virus-1 Tonga Faeces Pteropus tonganus Pacific flying fox (Male et al., 2016) 
KT732816 Pacific flying fox associated multicomponent virus-1 Tonga Faeces Pteropus tonganus Pacific flying fox (Male et al., 2016) 
KT732817 Pacific flying fox associated multicomponent virus-1 Tonga Faeces Pteropus tonganus Pacific flying fox (Male et al., 2016) 
KT732818   Pacific flying fox faeces associated circular DNA virus-3 Tonga Faeces  Pteropus tonganus Pacific flying fox (Male et al., 2016) 
KT732819   Pacific flying fox faeces associated circular DNA virus-4 Tonga Faeces  Pteropus tonganus Pacific flying fox (Male et al., 2016) 
KT732820 Pacific flying fox faeces associated circular DNA virus-1 Tonga Faeces  Pteropus tonganus Pacific flying fox (Male et al., 2016) 
KT732821   Pacific flying fox faeces associated circular DNA virus-1 Tonga Faeces  Pteropus tonganus Pacific flying fox (Male et al., 2016) 
KT732822   Pacific flying fox faeces associated circular DNA virus-5 Tonga Faeces  Pteropus tonganus Pacific flying fox (Male et al., 2016) 
KT732823 Pacific flying fox faeces associated circular DNA virus-6 Tonga Faeces  Pteropus tonganus Pacific flying fox (Male et al., 2016) 
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KT732824 Pacific flying fox faeces associated circular DNA virus-7 Tonga Faeces  Pteropus tonganus Pacific flying fox (Male et al., 2016) 
KT732825   Pacific flying fox faeces associated circular DNA virus-8 Tonga Faeces  Pteropus tonganus Pacific flying fox (Male et al., 2016) 
KT732826 Pacific flying fox faeces associated circular DNA molecule-2 Tonga Faeces Pteropus tonganus Pacific flying fox (Male et al., 2016) 
KT732827   Pacific flying fox faeces associated circular DNA virus-10 Tonga Faeces  Pteropus tonganus Pacific flying fox (Male et al., 2016) 
KT732828   Pacific flying fox faeces associated circular DNA virus-11 Tonga Faeces  Pteropus tonganus Pacific flying fox (Male et al., 2016) 
KT732829  Pacific flying fox faeces associated circular DNA virus-2 Tonga Faeces  Pteropus tonganus Pacific flying fox (Male et al., 2016) 
KT732830   Pacific flying fox faeces associated circular DNA virus-12 Tonga Faeces  Pteropus tonganus Pacific flying fox (Male et al., 2016) 
KT732831   Pacific flying fox faeces associated circular DNA virus-2 Tonga Faeces  Pteropus tonganus Pacific flying fox (Male et al., 2016) 
KT732832   Pacific flying fox faeces associated circular DNA virus-13 Tonga Faeces  Pteropus tonganus Pacific flying fox (Male et al., 2016) 
KT732833   Pacific flying fox faeces associated circular DNA virus-14 Tonga Faeces  Pteropus tonganus Pacific flying fox (Male et al., 2016) 
KT732834   Pacific flying fox faeces associated circular DNA virus-15 Tonga Faeces  Pteropus tonganus Pacific flying fox (Male et al., 2016) 
KT945154 Rat stool-associated circular ssDNA virus Denmark Faeces Rattus norvegicus Rat (Hansen et al., 2015) 
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